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Abstract
Big Tyre Pty Ltd has recently patented a non-pneumatic tyre assembly (International
Publication No. WO 2006/116807) which it hopes will revolutionise the underground
mining industry by eliminating the disadvantages associated with current tyre options.
Numerical methods have so far proven insufficient to best approximate the static be-
haviour of the wheel; the first prototype/proof of concept having been constructed
without positive finite-element analysis (FEA) results.
The prototype behaves as expected at low loads, but is not performing well under
the high tonnage loads for which it is designed. Before a second prototype can be
constructed, numerical models need to be devised to accurately simulate both static
and dynamic behaviours of the already constructed prototype. The FEA model requires
non-linear large displacement analysis; current models requiring in excess of 33hours
solve time. Thus, there is a requirement for a more streamlined modelling approach.
This project aims to develop a series of numerical models to streamline the engineer-
ing, and predict the static performance of BIG TYREs patented non-pneumatic wheel
assembly for varying geometries and material properties.
University of Southern Queensland
Faculty of Engineering and Surveying
ENG4111/2 Research Project
Limitations of Use
The Council of the University of Southern Queensland, its Faculty of Engineering and
Surveying, and the staff of the University of Southern Queensland, do not accept any
responsibility for the truth, accuracy or completeness of material contained within or
associated with this dissertation.
Persons using all or any part of this material do so at their own risk, and not at the
risk of the Council of the University of Southern Queensland, its Faculty of Engineering
and Surveying or the staff of the University of Southern Queensland.
This dissertation reports an educational exercise and has no purpose or validity beyond
this exercise. The sole purpose of the course pair entitled “Research Project” is to
contribute to the overall education within the student’s chosen degree program. This
document, the associated hardware, software, drawings, and other material set out in
the associated appendices should not be used for any other purpose: if they are so used,
it is entirely at the risk of the user.
Prof F Bullen
Dean
Faculty of Engineering and Surveying
Certification of Dissertation
I certify that the ideas, designs and experimental work, results, analyses and conclusions
set out in this dissertation are entirely my own effort, except where otherwise indicated
and acknowledged.
I further certify that the work is original and has not been previously submitted for
assessment in any other course or institution, except where specifically stated.
Simon Thompson
0050101708
Signature
Date
Acknowledgments
This thesis was typeset using LATEX 2ε .
The author would like to give credit to the following inspiring people, who in one way
or another, voluntary or not, contributed to the making of this report;
• Mr. Bruce Louden, Managing Director of Big Tyre Pty Ltd — for the opportunity
to be involved in Big Tyres concept wheel development,
• Mr. Chris Snook, Project Supervisor — for providing the advice and inspiration
needed to successfully complete this project to date,
• Mrs. Shelley Thompson — for her immeasurable patience.
Simon Thompson
University of Southern Queensland
October 2012
Contents
Abstract i
Acknowledgments iv
List of Figures xi
List of Tables xvi
Chapter 1 Introduction 1
1.1 Big Tyre Pty Ltd and its’ role in industry . . . . . . . . . . . . . . . . . 1
1.2 Existing tyre technologies . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2.1 Pneumatic tyres (and their varieties) . . . . . . . . . . . . . . . . 2
1.2.2 Solid tyres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 The demands of the underground mining industry . . . . . . . . . . . . 5
1.4 Big Tyre’s concept wheel . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Chapter 2 Recognition of need 9
2.1 The need for alternative tyre technology . . . . . . . . . . . . . . . . . . 9
CONTENTS vi
2.2 The need for streamlined numerical modelling . . . . . . . . . . . . . . . 10
Chapter 3 Deliverables 12
3.1 Product deliverables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2 Project deliverables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
Chapter 4 Scope 15
4.1 Product scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2 Project scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2.1 Use of current design type as a limitation . . . . . . . . . . . . . 17
4.2.2 Modelling assumptions . . . . . . . . . . . . . . . . . . . . . . . . 19
Chapter 5 Review of literature 22
Chapter 6 Delineation of the concept 34
6.1 Constituent components . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
6.2 The interrelationship between models . . . . . . . . . . . . . . . . . . . 35
Chapter 7 Development of equivalent stiffness approximator 39
7.1 The need for an equivalent stiffness approximator . . . . . . . . . . . . . 40
7.2 The spring manufacturing process . . . . . . . . . . . . . . . . . . . . . 41
7.3 Theory and application . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
Chapter 8 Model 1.1.# construction 49
CONTENTS vii
8.1 Model 1.1.1 - single element, extension . . . . . . . . . . . . . . . . . . . 49
8.1.1 The theory proposed by Gonzalez & Llorca (2005) . . . . . . . . 49
8.1.2 Application of curved beam extension theory . . . . . . . . . . . 52
8.2 Model 1.1.2 - single element, extension . . . . . . . . . . . . . . . . . . . 54
8.2.1 Modelling assumptions . . . . . . . . . . . . . . . . . . . . . . . . 55
8.2.2 FEA details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
8.2.3 Mesh details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
8.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
8.3 Model 1.1.3 - single element, extension . . . . . . . . . . . . . . . . . . . 58
8.3.1 Modelling assumptions . . . . . . . . . . . . . . . . . . . . . . . . 59
8.3.2 FEA details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
8.3.3 Mesh details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
8.3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
8.4 Model 1.1.4 - single element, extension . . . . . . . . . . . . . . . . . . . 59
8.4.1 Modelling assumptions . . . . . . . . . . . . . . . . . . . . . . . . 60
8.4.2 FEA details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
8.4.3 Mesh details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
8.4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
8.5 Comparison of extension model behavior . . . . . . . . . . . . . . . . . . 63
Chapter 9 Model 1.2.# construction 65
CONTENTS viii
9.1 Model 1.2.1 - single element, compression . . . . . . . . . . . . . . . . . 65
9.1.1 The secant formula and eccentric loading of columns . . . . . . . 65
9.1.2 Application of eccentric column loading theory . . . . . . . . . . 66
9.2 Model 1.2.2 - single element, compression . . . . . . . . . . . . . . . . . 68
9.2.1 Modelling assumptions . . . . . . . . . . . . . . . . . . . . . . . . 68
9.2.2 FEA details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
9.2.3 Mesh details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
9.2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
9.3 Model 1.2.3 - single element, compression . . . . . . . . . . . . . . . . . 69
9.3.1 Modelling assumptions . . . . . . . . . . . . . . . . . . . . . . . . 69
9.3.2 FEA details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
9.3.3 Mesh details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
9.3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
9.4 Model 1.2.4 - single element, compression . . . . . . . . . . . . . . . . . 70
9.4.1 Modelling assumptions . . . . . . . . . . . . . . . . . . . . . . . . 70
9.4.2 FEA details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
9.4.3 Mesh details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
9.4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
9.5 Comparison of compression model behavior . . . . . . . . . . . . . . . . 71
Chapter 10 Model 2.#.# construction 74
CONTENTS ix
10.1 Model 2.1.1 - Rigid rim displacement . . . . . . . . . . . . . . . . . . . . 75
10.1.1 Model concept (2.1.1) . . . . . . . . . . . . . . . . . . . . . . . . 76
10.1.2 Concept application (2.1.1) . . . . . . . . . . . . . . . . . . . . . 76
10.1.3 Model results (2.1.1) . . . . . . . . . . . . . . . . . . . . . . . . . 78
10.2 Model 2.2.1 - Simplified segmented rim . . . . . . . . . . . . . . . . . . . 80
10.2.1 Model concept (2.2.1) . . . . . . . . . . . . . . . . . . . . . . . . 80
10.2.2 Concept application (2.2.1) . . . . . . . . . . . . . . . . . . . . . 81
10.2.3 Model results (2.2.1) . . . . . . . . . . . . . . . . . . . . . . . . . 82
Chapter 11 Model 3.#.# construction 85
11.1 Model 3.1.1 - Circular deformation profile . . . . . . . . . . . . . . . . . 87
11.1.1 Model concept (3.1.1) . . . . . . . . . . . . . . . . . . . . . . . . 87
11.1.2 Concept application (3.1.1) . . . . . . . . . . . . . . . . . . . . . 88
11.1.3 Model results (3.1.1) . . . . . . . . . . . . . . . . . . . . . . . . . 90
11.2 Model 3.2.1 - Elliptical deformation profile . . . . . . . . . . . . . . . . . 91
11.2.1 Model concept (3.2.1) . . . . . . . . . . . . . . . . . . . . . . . . 91
11.2.2 Concept application (3.2.1) . . . . . . . . . . . . . . . . . . . . . 92
11.2.3 Model results (3.2.1) . . . . . . . . . . . . . . . . . . . . . . . . . 94
Chapter 12 Conclusions and recommendations 95
References 97
CONTENTS x
Appendix A Project Specification 99
Appendix B Project management plans 101
B.1 Project management plan . . . . . . . . . . . . . . . . . . . . . . . . . . 102
B.1.1 Purpose of the project management plan . . . . . . . . . . . . . 102
B.1.2 Scheduling of works . . . . . . . . . . . . . . . . . . . . . . . . . 102
B.1.3 Resource requirements . . . . . . . . . . . . . . . . . . . . . . . . 103
B.1.4 Contingency plans . . . . . . . . . . . . . . . . . . . . . . . . . . 103
B.2 Risk management plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
B.2.1 Purpose of the risk management plan . . . . . . . . . . . . . . . 109
B.2.2 Identification and mitigation of risks . . . . . . . . . . . . . . . . 109
Appendix C Non-pneumatic tyre assembly patent documentation 110
Appendix D Eimco ED10 LHD product specification 135
Appendix E Tabulated results of FEA analyses 138
E.1 Model 1.1.2 results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
E.2 Model 1.1.3 results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
E.3 Model 1.1.4 results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
E.4 Model 1.2.2 results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
E.5 Model 1.2.3 results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
E.6 Model 1.2.4 results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
List of Figures
1.1 Hierarchal chart showing the relationship between pneumatic tyre vari-
eties; filling options are shown in grey. . . . . . . . . . . . . . . . . . . . 3
1.2 Solid wheel mounted on an underground articulated forklift. . . . . . . . 4
1.3 Figure 1 of 19 describing Louden’s patented non-pneumatic wheel assembly. 7
1.4 The first full-scale prototype of Big Tyre’s concept non-pneumatic wheel
assembly. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
4.1 Details of Good Year’s range of tyres produced in the 17.5R25 size.
Reproduced from (The Good Year Tyre and Rubber Company 2011). . 16
4.2 General dimensions and load capacity of the standard Eimco ED10 LHD 16
4.3 The technical assembly drawing of the current prototype. . . . . . . . . 18
4.4 A virtual 3D model of the current prototype used for simulation work. . 19
5.1 Horatio F. Hicks patented ’Vehicle-wheel’, the earliest sprung wheel con-
cept. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.2 Strauch and Joseph’s patented ’Spring-wheel’ concept. . . . . . . . . . . 24
5.3 Gil Schwartzman’s patented ’Spring mounted wheel assembly’. . . . . . 25
LIST OF FIGURES xii
5.4 Michelin’s Tweel concept currently still under development. . . . . . . . 26
5.5 Resilient Technology’s Non-Pneumatic Tyre (NPT) concept currently
undergoing field tests for military Humvee vehicles. . . . . . . . . . . . . 26
5.6 Comparison between the behaviour of composite panels with strong and
weak core materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.7 Comparison between a laminated beam (from top to bottom the lami-
nates being aluminium, brass and steel), and its’ equivalent cross section
once treated as being made entirely of aluminium. . . . . . . . . . . . . 29
5.8 Geometry of and loading on a thin circular (pinned) shallow curved beam
of radius R, span length L, and semi-vertex angle alpha. Reproduced
from (Dym 2011). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.9 Models of an imperfect column and end restraints investigated by Aristizabal-
Ochoa (2012). Reproduced from (Aristizabal-Ochoa 2012). . . . . . . . . 32
6.1 LEFT — The wheel design geometry as presented in Table 6.1; RIGHT
— The actual location of the pins described by the afore mentioned table. 34
6.2 Characteristics of mathematical model; a proposal by Dieter (1991). . . 36
6.3 The proposed relationship between model groups used to simulate the
behaviour of the non-pneumatic wheel assembly. . . . . . . . . . . . . . 37
6.4 A detailed overview of the interrelationship between models used to sim-
ulate the behaviour of the non-pneumatic wheel assembly. . . . . . . . . 38
7.1 A schematic representation of the process used by Big Tyre to manufac-
ture their FGRP spring blanks.(1) Matting is pulled off the roll, (2) resin
is poured over the matt, (3) excess resin is collected, (4) rollers ensure
matting is wetted out and tensioned, & (5) wetted laminate is applied
on top of previous laminates. . . . . . . . . . . . . . . . . . . . . . . . . 41
LIST OF FIGURES xiii
7.2 Comparison between fibre proximity in a resin infused spring sample
(left), and those manufactured by Big Tyre (right). . . . . . . . . . . . . 42
7.3 A schematic diagram of a symmetrically constructed laminated beam.
Note the location of the centroid. . . . . . . . . . . . . . . . . . . . . . . 43
7.4 Representation of the workings of the elastic modulus approximation tool
using a logic flow chart. Those blocks shaded grey indicate where data
is exchanged between other worksheets; such as the materials database
worksheet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.5 Screen shot of the interface of the MS Excel -based elastic modulus ap-
proximation tool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
8.1 Diagram showing the initial and deformed beam configurations. Repro-
duced from Gonzalez & Llorca (2005). . . . . . . . . . . . . . . . . . . . 50
8.2 Schematic flowchart of the workings of model 1.1.1. . . . . . . . . . . . . 52
8.3 Screen shot of the MS Excel -based model 1.1.1. . . . . . . . . . . . . . . 53
8.4 The FEA model used for the analyses corresponding to models 1.1.2,
1.1.3, 1.2.2 and 1.2.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
8.5 Comparison of mesh sizes for the various iterations of the model. TOP
— Iteration 1; MIDDLE — Iteration 2; BOTTOM — Iteration 3. . . . . 58
8.6 Assembly of the SolidWorks virtual model for studies 1.1.4 and 1.2.4.
TOP — the constituent components, a spring blank and end clamp;
BOTTOM — the assembled spring element. . . . . . . . . . . . . . . . . 61
8.7 The FEA model used for the analyses corresponding to models 1.1.4 and
1.2.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
LIST OF FIGURES xiv
8.8 Comparison of mesh sizes for the various iterations of the spring assembly
model. TOP — Iteration 1; MIDDLE — Iteration 2; BOTTOM —
Iteration 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
8.9 Comparison of the results from all stage 1.1.# models. . . . . . . . . . . 63
9.1 Schematic flowchart of the workings of model 1.2.1. . . . . . . . . . . . . 66
9.2 Screen shot of the MS Excel -based model 1.2.1. . . . . . . . . . . . . . . 67
9.3 Comparison of the results from all stage 1.2.# models. . . . . . . . . . . 72
10.1 Diagram illustrating the pin naming convention adopted for ease of mod-
elling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
10.2 Diagram illustrating the rigid-rim-displacement concept. . . . . . . . . . 76
10.3 Schematic diagram of the process required to apply the rigid-rim-displacement
concept. Blocks in grey illustrate input/output from other worksheets. . 77
10.4 Schematic diagram of the Force lookup process. Blue coloured blocks
indicate interfacing with a deformed geometry calculator. . . . . . . . . 78
10.5 Actual performance of model 2.1.1. . . . . . . . . . . . . . . . . . . . . . 79
10.6 Graph illustrating the deformation of each spring (ODD layers only) —
model 2.1.1 with 5mm rim deflection. . . . . . . . . . . . . . . . . . . . . 79
10.7 Graph of the force contribution of each spring resolved into x and y
components — model 2.1.1 with 5mm rim deflection. . . . . . . . . . . . 79
10.8 Diagram illustrating the simplified segmented rim concept. . . . . . . . 81
10.9 Schematic diagram of the process required to apply the simplified seg-
mented rim concept. Blocks in grey illustrate input/output from other
worksheets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
LIST OF FIGURES xv
10.10Actual performance of model 2.2.1. . . . . . . . . . . . . . . . . . . . . . 83
10.11Graph illustrating the deformation of each spring (ODD layers only) —
model 2.2.1 with 100mm ground intrusion. . . . . . . . . . . . . . . . . . 83
10.12Graph of the force contribution of each spring resolved into x and y
components — model 2.2.1 with 100mm ground intrusion. . . . . . . . . 84
11.1 Diagram illustrating the movement of rim pins once having contacted
the ground. LEFT — the original position of rim segments; RIGHT —
the final position of rim segments. . . . . . . . . . . . . . . . . . . . . . 86
11.2 Schematic diagram of the process required to apply the assumption of a
circular deformation profile. Blocks in grey illustrate input/output from
other worksheets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
11.3 Depiction of the flaws of the circular deformation profile assumption. . . 90
11.4 Actual performance of model 3.1.1. . . . . . . . . . . . . . . . . . . . . . 91
11.5 Schematic diagram illustrating an assumed elliptical deformation profile
for the segment-segment pins. . . . . . . . . . . . . . . . . . . . . . . . . 92
B.1 Gantt chart illustration of the project works’ schedule - part1. . . . . . . 105
B.2 Gantt chart illustration of the project works’ schedule - part2. . . . . . . 106
B.3 Gantt chart illustration of the project works’ schedule - part3. . . . . . . 107
B.4 Gantt chart illustration of the project works’ schedule - part4. . . . . . . 108
List of Tables
4.1 General parameters of the concept wheel design which are not to be
modified. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
6.1 Parameters of the full-scale prototype concept wheel. . . . . . . . . . . . 35
7.1 Properties of the fibreglass matting used in the construction of the pro-
totype wheel’s curved springs. . . . . . . . . . . . . . . . . . . . . . . . . 40
7.2 Multiple data entries of the same uni-directional matt, showing the vari-
ation in properties that exists depending on load application. The degree
designation at the end of the laminate’s name describes the orientation
of the fibres to the applied load. . . . . . . . . . . . . . . . . . . . . . . 45
8.1 The relationship between blocks in Figure 8.2 and the corresponding
tables of Figure 8.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
8.2 Particulars of the computer system used to run all FEA simulations. . . 55
8.3 Details of the FEA model. . . . . . . . . . . . . . . . . . . . . . . . . . . 56
8.4 Variations on mesh details used to validate FEA model results. . . . . . 57
8.5 Variations on mesh details used to validate FEA model results. . . . . . 62
LIST OF TABLES xvii
B.1 Key milestones that must be met during the development of the student
project. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
E.1 Comparison of the FEA results for model 1.1.2. (20kg-200kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 139
E.2 Comparison of the FEA results for model 1.1.2. (220kg-400kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 140
E.3 Comparison of the FEA results for model 1.1.3. (20kg-200kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 141
E.4 Comparison of the FEA results for model 1.1.3. (220kg-400kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 142
E.5 Comparison of the FEA results for model 1.1.4. (20kg-200kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 143
E.6 Comparison of the FEA results for model 1.1.4. (220kg-400kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 144
E.7 Comparison of the FEA results for model 1.2.2. (10kg-100kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 145
E.8 Comparison of the FEA results for model 1.2.2. (110kg-200kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 146
E.9 Comparison of the FEA results for model 1.2.3. (10kg-100kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 147
E.10 Comparison of the FEA results for model 1.2.3. (110kg-200kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 148
E.11 Comparison of the FEA results for model 1.2.4. (10kg-100kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 149
LIST OF TABLES xviii
E.12 Comparison of the FEA results for model 1.2.4. (110kg-200kg). Solver
time is of the format hh/mm/ss. . . . . . . . . . . . . . . . . . . . . . . 150
Chapter 1
Introduction
This chapter aims to give the reader an insight into the industry from whence this
project was conceived; including the types and limitations of traditional tyre technolo-
gies. Described also, are the types of applications for which Big Tyre’s non-pneumatic
wheel concept is being developed. This brief introduction is given to enlighten the
reader with the pertinent information of the non-pneumatic wheel design project as it
applies to the author’s work, and to place the work in appropriate context.
1.1 Big Tyre Pty Ltd and its’ role in industry
Big Tyre Pty Ltd is a Toowoomba based company specialising in the repair of pneumatic
tyres and tracks, and the manufacture of solid rubber tyred wheels (referred to as solid
wheels). Prior to 2003, the majority of Big Tyre’s work lay in the retreading and repa-
ration of agricultural and off-the-road tyres, as well as the relugging and guide-block
re-attachment of agricultural tracks. Whilst twenty percent of the turnover of the com-
pany still derives from reparation work, the majority of work is currently sourced from
the underground mining sector in the manufacture of solid wheels. Original equipment
manufacturers such as Caterpillar, Sandvik, Bucyrus and Russell Mineral Equipment
require robust, tear resistant, hard wearing wheels for use on their underground mining
vehicles; the very nature of solid tyres means they meet these criteria.
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Most of the wheels manufactured are fitted to Australian manufactured equipment that
is subsequently exported, however, direct export to China has become more frequent.
These wheels typically carry loads of 15 to 45 tonne. Big Tyre also manufactures a
range of smaller stub axle bolt-on assemblies for mining equipment trailers; typical
carrying capacities of 3.5 to 12 tonne.
1.2 Existing tyre technologies
At present, there are two major types of tyre technologies in use; pneumatic varieties
and solid tyres. A brief description of these types and their common varieties are given
below. The author ought to be aware that the list of varieties given is not exhaustive,
and many other specialist varieties exist that can be related to either of the two major
types of tyre.
1.2.1 Pneumatic tyres (and their varieties)
In general, pneumatic tyres represent the largest proportion of tyres used for both in-
dustrial and domestic purposes. Common varieties of pneumatic tyres are conventional
and radial tyres, the differences being in the direction of the reinforcing wires or cord
which form the basis of the tyre’s structure. More specialised varieties such as logger
tyres and radial steel belted tyres are considered as offshoots of the overall parent group
that is pneumatics. Logger tyres are used specifically in the logging industry; being
typically constructed from a cross-ply cord carcass, with an additional bias steel cable
outer non-structural layer (as a puncture preventative). Radial steel belted tyres are
used mostly on road vehicles; being typically constructed from a radial wire carcass,
with outer circumferential steel belts. Figure 1.1 indicates the relationship between
pneumatic tyre varieties and the options that exist for filling or inflating these tyres.
‘Foam filling’ is the term coined by industry which refers to the inflation of pneumatic
tyres with a polyurethane mixture, which upon curing produces a semi-rigid closed cell
foam structure. The main purpose of inflating pneumatic tyres with foam inserts is
to prolong the life of a tyre prone to carcass penetration and puncturing. Due to the
1.2 Existing tyre technologies 3
Figure 1.1: Hierarchal chart showing the relationship between pneumatic tyre varieties;
filling options are shown in grey.
closed cell nature of the foam insert, any punctures through the tyre do not deflate the
tyre except within the local vicinity of the puncture. Foam filling of a tyre does not
however, increase its load bearing capacity.
The issues that exist with all pneumatic tyre varieties are:
Puncturing — the primary cause of tyre deflation, except for foam filled tyres, which
display good puncture resistance;
Continuous air pressure maintenance; — a fault which is inherent in their design
(i.e. an unavoidable trait of the pneumatic tyre design);
Overheating — continual flexing of the tyre walls and tread, as well as heat transfer
into the tyre from hot road surfaces, generates a heat build up in the shoulder of
the tyre where the rubber is the thickest. If this heat does not dissipate at the
same rate that it is being generated, tyre temperatures can get high enough to
start the chemical decomposition of the rubber (i.e. burning);
Excessive waste from irreparable damage — damage to less than five percent of
a tyre’s structure often deems it as irreparable. Additional costs exist surrounding
the disposal of the old tyre, not just it’s replacement costs;
Productivity restraints — due to load versus speed constraints imposed by the risk
of overheating the tyre;
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Poor materials handling on soft ground types — where the ground pressure un-
der the tyre increases locally above its bearing capacity. (Deflation of the tyre to
increase contact area of the tyre will decrease ground pressure effects, but aids in
tyre wear and overheating);
Poor ride comfort — typical of foam filled tyres and low profile gas filled varieties
only.
It should be noted that the overheating of pneumatic tyres is a grave concern; since
March 2003, four fatalities have occurred in Australian mines due to uncontrolled pres-
sure releases of pneumatic tyres. These statistics do not include non-mining related
fatalities.
1.2.2 Solid tyres
Solid tyres are commonplace on forklifts, underground mining machines and small
equipment handlers. Essentially, solid wheels are made from a rigid rim with a solid
rubber tyre that is either pressed onto, or chemically bonded to the rim. Solid wheels
display large load bearing capacities, do not suffer from puncture damage, and are
incredibly tear resistant. Figure 1.2 shows the type of underground machinery which
typically use Big Tyre manufactured solid wheels.
Figure 1.2: Solid wheel mounted on an underground articulated forklift.
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The issues that exist with all solid tyre varieties are:
Poor ride comfort — the hardness of the rubber compounds used to ensure good
wear characteristics result in an inability of the tyre to flex sufficiently to deal
with variations in ground contour;
Damage to machinery — especially noticed in gearboxes from large impact shocks;
Lack of traction on uneven surfaces – due to an inability to adequately deform to
aggressive ground contours;
Extremely high ground pressure – resulting from the small contact patch formed
by the stiffer solid rubber. High ground pressures cause greater compaction often
leading to damage to the soil or road-base material;
Poor materials handling on soft ground types – a result of high ground pres-
sures, leading to an increase in the likelihood of the machinery getting bogged.
1.3 The demands of the underground mining industry
The underground mining industry’s concerns with regard to tyre usage are predomi-
nantly focussed on three main areas; safety, productivity and environmental impact.
Safety issues stem from the risk of fatalities from exploding tyres, or more commonly
the danger of ignition of airborne flammable gases by overheated tyres. Productivity
improvements with regard to tyre usage range from reducing machine downtime by
increasing tyre life and load versus speed ratings, to ensuring miners are more com-
fortable when travelling on underground vehicles. The storage of used and damaged
tyres is an important environmental concern, especially considering the economic costs
of shredding or disposing of unwanted tyres.
As outlined in section 4.1, Big Tyre’s current focus on development of the non-pneumatic
concept is with regard to it’s implementation on load-haul-dump vehicles and trailer
cars used underground. The following briefly outlines the typical environments, or op-
erating conditions that underground mining vehicles are required to work in; for details
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regarding the types of vehicles Big Tyre is interested in replacing the tyres on, refer to
section 4.1.
Canche is the term used to describe a sudden abrupt change in road level in an under-
ground mine. Canches are formed from higher traffic volumes in the main underground
passages, and less traffic in the joining branch tunnels. The higher traffic volume
causes ruts and wear in the main tunnels, encouraged by the presence of water or
mud. Canches will typically exist as a ledge at the junction of a branched tunnel, with
heights ranging from 100mm to 300+mm. Due to productivity requirements (amongst
other reasons), drivers of underground mining vehicles tend not to slow down when
approaching these obstacles, hitting them at normal operating speeds. (Most under-
ground mining vehicles used for the purposes of hauling or towing operate at around
5km/h when fully laden and 25km/h when unladen).
The impact from hitting canches causes momentary overload of the vehicle’s tyres. This
known overloading of vehicle tyres has prompted Big Tyre to consider a factor of safety
of 1.5 for the static design of it’s concept wheel prototype.
1.4 Big Tyre’s concept wheel
The current concept design of Big Tyre’s non-pneumatic wheel assembly, is seen by the
company as a solution to the issues that exist with current tyre options. With reference
to Figure 1.3, the most comprehensive description of the concept is given by its’ patent:
A non-pneumatic wheel assembly which has an outer rim assembly (26), an inner vehi-
cle hub connection member (11), a compartment located between the outer rim assembly
(26) and the inner hub connection member (11) which has a plurality of spring elements
(21, 22) wherein at least some of the spring elements (21, 22) are attached to the outer
rim assembly (26) and/or the inner hub connection member (11) characterised in that
the spring elements (21,22) are orientated in opposed or counteracting orientations.
The outer rim assembly may comprise a continuous annular member of solid flexible
material covered in rubber or other suitable elastomeric material. Alternatively the
outer rim assembly instead of forming a continuous annular member may comprise a
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Figure 1.3: Figure 1 of 19 describing Louden’s patented non-pneumatic wheel assembly.
plurality of traction or rim elements suitably in the form of plates pivotally or hingedly
connected to each other. (Louden 2006)
This report focuses on the analysis of Big Tyre’s current prototype of the non-pneumatic
wheel concept; the full scale prototype displayed in Figure 1.4. The prototype is con-
structed from a series of 36 spherical graphite cast iron rim segments, to which an outer
rubber ‘tyre’ or wear tread is bonded. These rim segments are sprung/suspended from
the central mounting hub by an array of curved spring elements currently manufactured
from fibre glass reinforced polymer (FGRP).
Figure 1.4: The first full-scale prototype of Big Tyre’s concept non-pneumatic wheel as-
sembly.
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In light of the disadvantages of current tyre technologies as discussed previously, Big
Tyre’s concept wheel has the advantage of:
Improved safety — with no air pressure required for inflation, blowouts do not occur,
In-wheel suspension — inherent in the design,
Variable load-deflection behaviour — due to the easy modification of spring ge-
ometry and material stiffness,1
Less chance of heat failure — in comparison to solid wheels of equivalent size due
to minimised use of rubber (volumetrically),
Lateral stability — no ‘rolling’ off the rim (predominantly occurring in pneumatic
wheels), and
Easy replacement of components — to minimise wastage (as opposed to the bulk
disposal of partially damaged pneumatic tyres).
1The load-deflection behaviour of the wheel depends upon the load-deflection characteristics of
the spring elements; the spring behaviour can be modified by varying either it’s geometry (radius of
curvature and length) or the material used for it’s construction.
Chapter 2
Recognition of need
2.1 The need for alternative tyre technology
The need for an alternative tyre technology was made apparent when major Big Tyre
customer V.A. Eimco changed the tyres on their fleet of Eimco 936 forklifts and chock
trailers from solid wheels to pneumatic tyres. The same company had completed the
exact opposite move some years prior, expressing a dislike for both currently available
tyre options.
The need for an alternative tyre design has stemmed from the culmination of:
1. industry’s dislike for both solid and pneumatic tyres,
2. the safety issues involved with current tyre options, and
3. the hindrance to machinery development limited by tyre sizes and load bearing
capacity.
Big Tyre has not been the only company to have realised the need for alternatives
to current tyre technologies; companies such as Michelin, Good Year and Resilient
Technologies have in recent years been developing their own concepts in the hopes of
out-performing current tyre options. Whilst these companies are designing primarily
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for the domestic car market (Resilient Technologies designing for military personnel
transporters), the realisation that larger, industry dominating companies recognise the
limitations of their own products further reinforces the need for alternative tyre tech-
nology.
The Australian Coal Association Research Program (ACARP) has displayed interest
in the development of concept wheel, with a large proportion of funding for the project
having been provided by this collaborative group. Similar recognition has come from
the Queensland state government, with Big Tyre recently having been awarded a
$50 000 grant under the What’s your Big Idea Queensland? campaign, to continue
developing the concept. This general recognition of the concept’s merrits have continued
to reinforce the need for alternative tyre technologies and add momentum to Big Tyre’s
development of the concept wheel.
2.2 The need for streamlined numerical modelling
Prior to the construction of the first full-scale prototype of Big Tyre’s concept wheel
design, engineers involved in the project became aware of the need to use large dis-
placement analyses when numerically modelling the behaviour of the wheel. Due to
the large degrees of freedom of the componentry within the wheel assembly (including
the rotation of pins and excessive deformation of spring elements), linear finite element
solvers, such as those built into SolidWorks 2010 Premium Simulation, were found to
yield incorrect results compared to scale prototypes. SolidWorks 2010 Premium, the
solid modelling package used to generate and analyse conceptual models does however
include a large displacement solver. When used, solving times for models increased
from seven hours to an indefinite period of time. In fact, the first full scale prototype
of the concept wheel was built without useful FEA results.
For development of the concept wheel project to continue, Big Tyre requires indicative
performance models which simulate the behaviour of the current concept wheel design.
Whilst large displacement FEA is useful for less complex assemblies, it is still incredibly
time consuming. If one considers the large number of parameters that can be changed
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to modify the structure of the concept wheel’s design (shape and thickness of the spring
elements, composite laminate types and their orientation, etc.), the conclusion can be
drawn that FEA models are ill-suited at providing immediate indicative behavioural
traits of the wheel.
Big Tyre requires rapid GO or NO-GO responses to design proposals, so as to quickly
ascertain which suggestions are of most benefit before further analysis is performed. A
call for more streamlined behaviour indicative models has therefore arisen.
This project aims to develop a series of numerical models to streamline the engineering,
and predict the static performance of Big Tyre’s patented non-pneumatic tyre assembly
for varying geometries and material properties. It is hypothesised that instead of rely-
ing on iteration-based solvers to calculate load versus deflection behaviour, theoretical
expressions (or numerical approximations thereof) may be used to produce behaviour
characterising models which yield instantaneous results.
Chapter 3
Deliverables
The deliverables for the development of Big Tyre’s concept wheel are extensive, and
structured in such a way as to ensure a high level of confidence in the concept wheel’s
design prior to its implementation into field testing. These set outcomes address not
only the engineering integrity of the design, but also the economic considerations of
mass production, servicing requirements, client education and awareness campaigning,
reliability and life-cycle monitoring of the product.
It is considered that the deliverables of the concept wheel as a product, can be treated
as independent of the deliverables of the student project. This consideration reduces
the scope of the student project to that which is manageable in the given time frame
whilst still being of benefit to the development of the non-pneumatic wheel concept.
3.1 Product deliverables
At the time of writing, the concept wheel project was in the design and prototyping
stage of development, where after having constructed a full-scale proof-of-concept pro-
totype suitable for use on an Eimco 913 or ED10 loader, further numerical analysis was
required before the next prototype was to be constructed.
With reference to section 4.1, the requirements for the design and prototyping stage of
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development of the concept wheel can be summarised as; Engineer a solution suitable
for use on LHD vehicles with 15tonne wheel loads whose suspension characteristics are
comparable with those of pneumatic tyres of equivalent size - in particular 17.5R25
varieties.
A more comprehensive summary of those facets of the design and prototyping stage
which apply to the student project are given below:
• Engineer a solution which comfortably bears 15tonne static wheel loads;
• The solution is to be capable of 150% static overload (22.5tonne), some permanent
damage to replaceable load-bearing components is allowable;
• Perform static physical testing on the proposed design’s individual componentry
to validate numeric model predictions;
• Perform dynamic physical testing on the proposed design’s individual componen-
try for use in developing dynamic behaviour models;
• Construct a scale prototype of the proposed solution for extensive laboratory
testing, including fatigue and wear analysis;
Other requirements of the design and prototyping stage of development which due not
apply to the student project include, but are not limited to:
• Undertake comprehensive fatigue analysis of FGRP components through the use
of numerical modelling, and physical testing of full-scale springs;
• Engineer an automatic/care-free lubrication system for the assembly;
• Design and develop a seal, or similar device to protect moveable components from
debris inclusion.
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3.2 Project deliverables
The deliverables of the student project have been orchestrated so as to be of benefit
to both the continued development of the sprung-wheel concept, as well as meet the
requirements of the ENG4111/4112 research project courses. The deliverables of the
student project were tailored so that their achievement would ensure the satisfaction
of the project specification marking criteria as outlined in Appendix A.
The requirements of the student project are the delivery of:
• A comprehensive analysis of the expected service loading for the concept wheel
(in light of the design restrictions outlined in section 4.1);
• Revision of other non-pneumatic tyre technologies, specifically differentiating be-
tween the key aspects of other designs and that of Big Tyre;
• Investigative summary on the use of theoretical explanations (or approximations
thereof) for the behaviour of end-loaded curved beams in both extension and
compression load scenarios;
• A set of validated models which yield indicative behavioural predictions for the
current concept wheel prototype;
• A proposed design which meets the service loading requirements of the current
concept wheel prototype.
All works carried out in reference to the requirements of the student project are to be
completed in light of the requisites outlined in Appendix B, which details the Project
management plan, and the Risk management plan concurrently devised for the student
project.
What follows, are the details of the research and model construction methods used to
address the deliverables outlined above, and by proxy, the project specification.
Chapter 4
Scope
As with the delineation of the deliverables of this project (considering the position of
the student project in the scheme of the concept wheel’s development), the scope of
these entities can likewise be separated for clarity’s sake. Consider then the scope of
the product — and the scope of the student project; separating the scope into these
two categories allows greater control over the student project’s direction.
4.1 Product scope
Consider that the radical change in tyre design proposed by Big Tyre requires extensive
marketing and field testing in order to give confidence to mines and their vehicle oper-
ators that use of Big Tyre’s wheel would be of benefit over currently used tyres/wheels.
The concept wheel must therefore be designed to outperform a tyre of size whose use is
widespread, is highly utilised by both Australian and international underground mines,
and despite it’s shortfall as a pneumatic tyre, is one that mines are otherwise satisfied
with.
The current prototype, and indeed all works associated with the non-pneumatic wheel
concept to date, has been towards it’s replacement of the 17.5R25 pneumatic tyre.
The 17.5R25 designation refers to an off-the-road (OTR) series tyre of radial ply con-
struction. Depending on the manufacturer, a 17.5R25 tyre can be manufactured with
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varying tread patterns and ply ratings, suited to different ground types. Figure 4.1
shows an exert from The Good Year Tyre and Rubber Company (2011) detailing the
size and load rating of each variety.
Figure 4.1: Details of Good Year’s range of tyres produced in the 17.5R25 size. Reproduced
from (The Good Year Tyre and Rubber Company 2011).
The 17.5R25 tyre size finds widespread use on equipment such as the Eimco 913 and
Eimco ED10 load-haul-dumpers, as well as the Bucyrus FBR15 Ramcar or similar
vehicles. Load-haul-dump (LHD) refers to a class of multipurpose vehicles used in un-
derground mining; these vehicles being “used for a wide range of applications: from
general mine transportation and maintenance work to longwall installations and relo-
cations,” as well as cabling and piping installation. (Caterpillar 2011)
Figure 4.2 shows the approximate dimensions of a standard Eimco ED10 LHD fitted
with loading forks. This machine has a 10tonne lifting capacity (600mm from fork face,
as illustrated), with an operating weight of approx 20.7tonne as outlined in Appendix D.
When fully loaded, this equates to a typical force distribution of 30tonne on the front
axle; 15tonne per wheel.
Figure 4.2: General dimensions and load capacity of the standard Eimco ED10 LHD
In light of the discussion above, the parameters detailed in Table 4.1, have been set by
Big Tyre to facilitate the design and continued development of a useful product.
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Table 4.1: General parameters of the concept wheel design which are not to be modified.
Parameter Value
Outer diameter 1360mm
Overall width 400mm
Typical operating load 15tonne
Overload capacity 150%
Maximum load capacity 22.5tonne
Wear tread depth 100mm
4.2 Project scope
The following details those limitations imposed on the scope of the student project, in
light of the consideration that all works produced therein, are to be integrated into the
concept wheel development programme.
At the time of writing, Big Tyre did not have MATLAB or other similar numerical
computing software, opting instead to use Microsoft Excel 2010 for the majority of the
project wheel’s early developmental work. This limitation confined the student project
to use MS Excel for the construction of numerical models for two reasons:
1. Big Tyre did not see a need at the time of writing to buy MATLAB (or similar
software)
2. No Big Tyre employees involved in the concept wheel project had a sound knowl-
edge of MATLAB, or C-based programming languages — ultimately limiting the
ability of any models built using such software to be continuously developed (by
other employees) after the completion of the student project.
4.2.1 Use of current design type as a limitation
Use of the current type of prototype design as a limitation ensures that all design
solutions to be modelled comprise of a segmented rim (although other design possibil-
ities exist which satisfy the non-pneumatic wheel assembly patent) where the spring
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Figure 4.3: The technical assembly drawing of the current prototype.
elements contain some degree of curvature prior to loading, an even number of spring
arrays are used and the geometry of the solution satisfies the restrictions detailed in
section 4.1.
This limitation greatly simplifies the modelling process, as only modifications which
conform to the prototype design style are to be considered as viable solutions. Also, the
addition of extra components that would otherwise affect the load bearing behaviour of
the wheel are not considered, and therefore no provision is made in the models. A more
appropriate method of describing the current design style than that detailed above, is
the graphical representation of the assembly illustrated in Figure 4.3.
Not all the components detailed in Figure 4.3 are modelled when performing finite-
element-analyses. Rather, the simplistic virtual 3D model used for FEA simulation is
illustrated in Figure 4.4. The assumptions presented in the next section likewise apply
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to the FEA model shown.
For details regarding the geometry of the prototype and other details pertinent to
behaviour modelling, refer to section 6.1.
Figure 4.4: A virtual 3D model of the current prototype used for simulation work.
4.2.2 Modelling assumptions
According to Dieter (1991), when considering mathematical modelling, of key concern
are the assumptions, “which determine on one hand the degree of realism of the model
and on the other hand the practicality of the model for achieving a numerical solution.”
The assumptions detailed below have been generated for the purpose of:
• validating the model/s,
• simplifying the modelling process,
• allowing theoretical approximations of pinned beams and columns to be used for
modelling purposes,
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• bringing to light those components of the wheel which, in reality will effect the
load-deflection behaviour of the wheel,
• emphasising the limitations of this investigative report,
• indicating what other considerations are likely to yield more accurate results.
The assumptions are:
All pins are to be considered as frictionless hinges — the pins are primarily used
as a means of allowing adjacent segments to interact. In practice, any resistance
to relative rotational deformation between segments indicates the presence of
friction; in this case an undesirable phenomenon which leads to wear.
The self weight of components is negligible — the action of gravity is insignifi-
cant in comparison to the applied loads.
All materials are homogenous and isotropic — theoretical explanations of the
behaviour of axial loaded beams and columns consider homogenous, linear elas-
tic material properties only; for the theories to be applied to any model, these
assumption must be observed.
Large displacement is to be considered
Stiffness offered by the rubber ‘wear’ tread is considered negligible — any ex-
tra stiffness, or resistance to deformation offered by the tread will be considered
of benefit to increasing the load carrying capacity of the wheel.
Lateral loading is non-existent — deformation loads are to act in-plane to that
which the pins are located.
Ground interaction is considered as an interaction with a flat plate — in prac-
tice the ground profile is not that of a flat plate, rather it typically displays a
parabolic deformation profile the aggressiveness of which, is governed by the soil
type. The use of the flat plate assumption simulates the most aggressive defor-
mation profile.
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Any further assumptions that were formulated during model development are presented
and discussed as they appeared.
Chapter 5
Review of literature
This section of the report is intended to evaluate the usefulness of available literature
in the development of numerical models which are to simulate static behaviour of
the concept wheel under investigation. Literature also exists for other non-pneumatic
wheel concepts currently in development by other industry leading companies, the likes
of Bridgestone, Michelin and Good Year, which is covered here to allow the reader to
differentiate between Big Tyre’s design, and those proposed by other companies.
Non-pneumatic wheel concepts have been proposed and patented throughout history,
the earliest of these which shows similarity to Big Tyres design was conceived by in-
ventor Horatio F. Hicks in 1889. Hicks’ invention, patented simply as a ‘Vehicle-wheel’
(patent No. 396,872), is described as “an improved wagon wheel, with elastic spokes
which will yield when the wheel passes over a rough uneven road, or runs upon an
obstruction.” (Hicks 1889). Hicks’ patented invention, illustrated in Figure 5.1, was de-
signed primarily with the intention of providing some suspension-like effect for wagons
and carts, which at the time would have used rudimentary leaf springs for suspension.
In his patent application, Hicks describes the suspension effects of his invention in lines
37 to 43 by writing, “When pressure is exerted upon the rim of the wheel, the rim is
thrown upward, while the hub is retained in its position by the inertia of the load.”
It ought to be noted, that this statement is inherent of all in-the-wheel suspension
designs.
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Figure 5.1: Horatio F. Hicks patented ’Vehicle-wheel’, the earliest sprung wheel concept.
Hicks invention was improved in 1915 with the patent of the ‘Spring-wheel’ by co-
inventors Julies E. Strauch and Joseph C. Wegstein of Illinois, USA. Strauch and Weg-
stein recognised the shortfall of both solid and pneumatic tyres available at that time
and proposed the design pictured in Figure 5.2. The inventors claimed in their patent
application that “[their] invention relates to improvements in spring wheels, the prin-
cipal object being the provision of a device adapted for automobiles and other vehicles
on which a solid tyre may be used and which at the same time affords sufficiently yield-
ing support therefore, so that all the advantages derived from the use of a pneumatic
tyre are attained and the disadvantages obviated” (Strauch & Wegstein 1915). Strauch
and Wegsteins primary development over Hick’s invention was the use of a more sim-
ply serviced design, the intention being that the wheel could be “quickly and securely
assembled”.
The commonality between the two mentioned designs is the rigid fixing of the spring
elements to a rigid rim.
Little development in sprung wheel technology was seen until more recently, when inven-
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Figure 5.2: Strauch and Joseph’s patented ’Spring-wheel’ concept.
tor Gil Schwartzman patented his ‘Spring mounted wheel assembly’ in 1992. Schwartz-
man realised that prior sprung wheel designs failed to provide “a resilient, self-centering
wheel that allows greater cornering ability and traction due to improved force distri-
bution.” It was therefore Schwartzman’s intention to develop a wheel “that readily
absorbs vertical and/or horizontal displacements”, as well as being able to true-itself
after a horizontal impact without requiring removal (Schwartzman 1991). Figure 5.3
illustrates Schwartzman’s design concepts, his particular interest in the self-truing of
the wheel apparent from the manner in which the spring elements are fixed at opposing
ends of the hub.
From his patent application, Schwartzman (1991) seems to express an interest in de-
veloping his invention for “bicycle[s], roller skate[s], or similar movable object[s]” and
makes no mention of its application on large, heavy machinery. Similarly, Hicks’ and
Strauch and Wegstein’s concepts do not seem to be intended for heavy machinery,
which the author realises, is a result of the contexts in which these inventions were
proposed.
Recently, a burst of new concept designs of non-pneumatic wheels have been made
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Figure 5.3: Gil Schwartzman’s patented ’Spring mounted wheel assembly’.
public, most noticeably Michelin’s ‘Tweel’ and U.S. military contractor Resilient Tech-
nologies’ ‘Non- pneumatic tyre (NPT)’. Michelin’s Tweel concept, whilst still in the
developmental stages (Michelin 2006), has been patented as “a non pneumatic tyre
having a ground contacting tread position, a reinforced annular band disposed radi-
ally inwardly of the tread portion and a plurality of web spokes extending transversely
across and radially inward from the reinforced annular band and anchored in a hub.”
(Louden 2006). The patent goes on to mention the “elastomeric shear layer” that is
unique to the Tweel’s design. Refer to Figure 5.4.
Resilient Technologies NPT, (patent No. 4,945,962) is drastically different to all other
spring wheel designs, in that it does not necessarily focus on the use of radiating spokes.
As can be seen in Figure 5.5, the NPT concept uses instead a “unitary honeycomb
structure bounded by integrally moulded outer and inner hoops” (Louden 2006).
Big Tyre Pty Ltd’s design, proposed by managing director Bruce Louden in 2006,
differentiates itself from all prior sprung wheel concepts by firstly aiming to address
the concerns with large load bearing wheels. Louden’s patent covers concepts where the
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Figure 5.4: Michelin’s Tweel concept currently still under development.
Figure 5.5: Resilient Technology’s Non-Pneumatic Tyre (NPT) concept currently under-
going field tests for military Humvee vehicles.
outer rim or rubber-wheel interface can be either solid (as in early patents), flexible (as
in modern patents), or segmented (which is not an entirely new concept). The patent
differentiates itself from others by tending to use pinned connections at both ends of
the spring elements which suspend the hub from the rim, and by containing multiple
arrays of the circumferentially patterned spring elements. Loudens design lends itself
to easy modification even after assembly, whereby “each spring element of each array
may be similar in shape - rotation of the supporting race enables a set force or loading
to be applied to each spring element.” This in turn enables the load carrying capacity
of each spring to be modified even after final assembly.
As introduced earlier, there are multiple design options which can satisfy Louden’s
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patent; for examples refer to entire patent document. The current concept design
proposed by Big Tyre (described in detail in section 4.2.1) exhibits characteristics
that rely on the force-deflection behaviour of the curved spring elements. Due to
the opposing nature of the spring arrays, it is both the extension and compression
behaviour of the spring elements that is of importance. The following concerns then
become apparent when modelling the behaviour of individual spring elements:
Springs are manufactured from composite materials — the spring elements are
manufactured from various FGRP laminate materials, each displaying different
non-isotropic properties (most concerning in this case being elastic modulus).
Also, material data available for the FGRP laminates used is based on the as-
sumption that resin-infusion techniques are observed for the springs’ construction
– this is not the case. Since variations in the behaviour of the springs is dependent
upon the layup arrangement of the FGRP laminates, a tool must be used which
best approximates the equivalent stiffness of the composite springs, lending itself
to easy modification should other laminate types or layering be required.
Small displacement theory is not valid — the deflections experienced by spring
elements are beyond the limits of small displacement theory. Large displacement
solvers are required to best simulate the behaviour of spring elements.
Unusual beam shape and loading — the springs are pre-curved before loading,
and cannot be treated as simply supported beams or other transversely loaded
elements. Models of individual spring elements must therefore consider end load-
ing (axial) to accurately simulate their behaviour.
Large solving times from current models — indicative behavioural information
for varying geometries, material layups, etc. are required, without the inconve-
nience of large solving times currently imposed by full-scale large-displacement
finite element models. As a result, model solving times are to be as fast as
possible, if not instantaneous.
In light of these requirements (and others as specified under section 3.2), theoretical
expressions for the behaviour of end-loaded pre-curved beams were researched concur-
rently with composite material equivalent stiffness approximation techniques.
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Composite sandwich beams are characterised by Manalo, Aravinthan, Karunasena &
Islam (2011) as having two thin, stiff skins attached either side to a less stiff light weight
core. The purpose being to “use the material to maximum efficiency,” by spacing
the two skins apart and thusly increasing the moment of inertia without drastically
increasing the mass of the composite (DIAB 2003). DIAB (2003) proposes that the
equivalent stiffness of a composite sandwich is dependent entirely on the shear strength
of the core material used. As illustrated in Figure 5.6, a composite sandwich material
in which the shear strength of the core is low causes the skins to act as independent
beams, invalidating Navier’s assumption that plane sections of a beam remain plane
during bending.
Figure 5.6: Comparison between the behaviour of composite panels with strong and weak
core materials.
This proposal is similarly discussed by Plantema (1966) who explains that composite
sandwich beams do not satisfy the assumptions of engineering theory of bending due
to the low transverse modulus of rigidity of core materials. At present, the curved
spring elements that are found in the concept wheels construction do not exhibit a
core, rather their resemblance is closer to a series of layers of composite woven matting,
layered symmetrically about the middle axis of the spring. As such, composite sandwich
theory is not relevant while ever core materials are not used. (Which is likely to be
indefinite, seeing as the shearing of two stiff skins about a softer core severely decreases
the stiffness of the composite, thus defeating its purpose).
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Assuming then, that Navier’s assumption remains valid throughout the deformation
of the spring, the equivalent stiffness technique satisfying Euler-Bernoulli beam theory
was considered of interest. Mo (2000) describes the technique for approximating the
stiffness of multi-layered beams by claiming that “the elastic properties of all layers
are smeared into one elastic modulus that characterises the beam as a whole.” The
technique works by homogenising a laminated beam cross-section, constructed from
theoretically isotropic laminates, to a set elastic modulus. The cross-section of the
beam is adjusted accordingly, so as to represent the stiffness of the entire beam (where
stiffness is given by the multiplicity of the elastic modulus and the second moment
of inertia). A better explanation is given in Figure 5.7, where it is obvious that the
laminated beam on the left equates to the cross section on the right when constructed
entirely from aluminium.
Figure 5.7: Comparison between a laminated beam (from top to bottom the laminates
being aluminium, brass and steel), and its’ equivalent cross section once treated as being
made entirely of aluminium.
Considering that in this case the cross-sectional size of the spring element is known,
it would be best to calculate an equivalent elastic modulus for the actual rectangular
shape of the FGRP beam. Coincidently, the final cross-sectional size of the FGRP
springs was not as initially predicted, owing to the fact that the predicted laminate
thickness was based on values obtained from resin-infusion methods, rather than the
pre-tensioned method used by Big Tyre (which for the sake of comparing with literature
may at this stage be assumed as pultruded). The result being that the equivalent elastic
modulus calculated was greater than that published (by the manufacturer) for any of
the laminates.
At this point, it ought to be reiterated, that the material of the springs is now assumed
to display linear elastic isotropic behaviour. Fortunately, the same material assumption
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was used by Gonzalez and Llorca in their collaborative works on the stiffness of a
curved beam subjected to an extensile axial load and large displacements. Intended
for use in determining the stiffness of felt mats, Gonzalez & Llorca (2005) investigated
the behaviour of both inextensible and extensible beams. Extensible beams are those
whose “elongation due to normal stresses cannot be neglected,” with “each section of the
beam undergoing an axial deformation.” No other literature was found that addressed
the same niche as Gonzalez and Llorca, despite much literature being available on the
behavioural analysis of cantilevered beams using large displacement theory.
Comparisons between the numerical approximations proposed by Gonzalez and Llorca
for inextensible beam theory show less than four percent error when compared with
results obtained using finely meshed finite element models solved in Solidworks Simu-
lation. The FEA results were calculated using large displacement direct sparse solvers
built into the FEA package. For this reason, the work of Gonzalez & Llorca (2005) has
been deemed as satisfactory in simulating the extensile behaviour of a single curved
spring element.
Since wheel behaviour is also dependent on the compression of spring elements, the-
oretical approximations for the compression of a curved, end-loaded beam is of sim-
ilar importance. In his recent publication, Dym (2011) discusses the behaviours of
“end-loaded shallow curved beams”. Dym defines the geometry of the curved beams’
investigated by a rise parameter, lambda. The rise parameter, a dimensionless ratio,
relates the square of the span length of the beam (illustrated as L in Figure 5.8), to the
multiplicity of the height above the horizontal span line, z and the beam radius, R. The
use of the rise parameter is useful in establishing the aggressiveness of the curvature of
the beam. Dym then continues to develop the behaviour of end-loaded shallow curved
beams with reference to the rise parameter; the final approximations of force versus
beam deflection given in cylindrical coordinates (two equations describing tangential
and radial displacements).
The presentation of the tangential and radial deflection equations in polar form is rather
inconvenient, especially considering that curved beam extension models previously dis-
cussed are few, and are not presented as polar equations. The complex nature of the
formulations given by Dym (2011) pose issues when converting them to a more useful
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Figure 5.8: Geometry of and loading on a thin circular (pinned) shallow curved beam of
radius R, span length L, and semi-vertex angle alpha. Reproduced from (Dym 2011).
form of ∆L = f(P) (refer to Figure 5.8). In light of this complexity, pursuit of Dym’s
work was abandoned in favour of more convenient models.
Considering that the FGRP spring members used in the concept wheel’s design are
curved prior to loading, one may assume a similar loading condition to that of an ec-
centrically loaded column. Of interest then, was the work of Aristizabal-Ochoa (2012),
who examined the induced moments and lateral deflections in columns with initial im-
perfections and semirigid connections. Aristizabal-Ochoa (2012) investigates several
different column load cases (as illustrated in Figure 5.9), specifically addressing the
behaviour of columns with initial curvature and out-of-plumbness. The semirigid con-
nections of the beam ends are best described as pinned, with an imposed rotational
restriction on the column ends defined by a constant, K (not unlike a torsional spring
constant).
It was initially proposed by the author, that by setting the out-of-plumbness of the the
column ends to zero, and the rotational constant, K likewise, that an accurate model
would present itself for the deflection x as a function of the axial force P, as shown in
Figure 5.9. Unfortunately, Aristizabal-Ochoa (2012) leaves his approximation for the
deflection of the column end as an incomplete summation of the components of each
of the modes of failure; the complexity of which makes adoption of his work tedious,
similar to that of Dym (2011).
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Figure 5.9: Models of an imperfect column and end restraints investigated by Aristizabal-
Ochoa (2012). Reproduced from (Aristizabal-Ochoa 2012).
The following approach was then considered: In the classic example of an eccentrically
loaded column, the eccentricity of the load is generally taken as the horizontal distance
between the applied load, and the base of the column. Using a similar process to
that of Gonzalez & Llorca (2005) and sectioning the spring element at the location of
the maximum bending moment, the sectioned spring element now best represents an
eccentrically loaded column with a rigid base. This load case lends itself to solving using
what is colloquially referred to as ’the secant formula’. The ‘secant formula’ is a common
engineering tool used to calculate the critical loads for buckling of eccentrically loaded
columns. Derivation of the secant formula is available in most structural engineering
textbooks, where the relationship between an applied load and the deflection of the
column is given.
Comparisons between the secant formula approximation for axial compression of a
curved column, show less than 10 percent error when compared with results obtained
using finely meshed finite element models solved in Solidworks Simulation. The FEA
results were calculated using large displacement direct sparse solvers built into the FEA
package, the same as that used for comparison with the approximations proposed by
Gonzalez & Llorca (2005). As a result, the use of the secant formula has been deemed
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satisfactory in simulating the axial compressive behaviour of a single curved spring
element.
Chapter 6
Delineation of the concept
6.1 Constituent components
This section describes in detail those components of the concept wheel which are re-
quired for MS Excel -based models. Whilst the scope of this report (section 4.2.1) limits
the project to only consider variations on the current prototype wheel configuration,
the following highlights those facets of the design which are to be considered as param-
eters when modelling. The current prototype is defined by the geometry presented in
Table 6.1, which ought to be perused in conjunction with Figure 6.1.
Figure 6.1: LEFT — The wheel design geometry as presented in Table 6.1; RIGHT — The
actual location of the pins described by the afore mentioned table.
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Whilst there are seven parameters relating to the actual location of the various inter-
connecting pins in the design, the first five presented in Table 6.1 cannot be modified if
the design is to suit the role of 17.5R25 tyres (refer to section 3.1). Instead, behavioural
load-deflection behaviour can be influenced by varying either the number of springs per
array, the number of spring arrays, the radial angle of offset of each spring, including
the actual geometry/layup of the spring.
Table 6.1: Parameters of the full-scale prototype concept wheel.
Specified parameter (units) Magnitude
Outer wear tread diameter (mm) 1200
Rim segment-segment pin PCD (mm) 1164
Rim spring-segment pin PCD (mm) 1116
Hub pin PCD (mm) 660
Wheel tread width (mm) 450
Number of springs per array 36
Number of spring arrays 4
Radial angle of offset of spring (◦) 35
Spring undeformed radius (mm) 580
Spring width (mm) 65
Spring thickness (mm) 5.5
Calculated parameter (units) Magnitude
Spring chord length (mm) 344.36
Distance between segment-segment pins (mm) 101.45
Distance between segment-segment pin and cor-
responding spring-segment pin (mm)
55.20
6.2 The interrelationship between models
Dieter (1991) claims that any mathematical model can be represented by the illustration
in Figure 6.2. A complex model, which itself relies on information from other models can
therefore be represented as a flow chart, or logic map, showing both the requirements
and expected outputs of each model.
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Figure 6.2: Characteristics of mathematical model; a proposal by Dieter (1991).
Ultimately, the desired outcome of this entire project is the production of a model
which accurately simulates the static behaviour of the non-pneumatic concept wheel;
the outputs of this particular model would then be the tonnage experienced by the
wheel, the deformation induced at the set tonnage, the maximum stresses in any of the
spring elements, and that spring’s position within it’s array. Factors which influence
these results stem from the load/deflection behaviour of the individual spring elements,
which stems from material data, geometry, and so on.
Figure 6.3 illustrates the relationship between proposed model groups, which when
during initial development, the author hypothesised would be required to achieve the
desired outcome. Each model group encompasses an hierarchial model set designed to
be used to validate the theoretical approximations used when developing spreadsheet-
based behaviour simulators. The model naming convention consists of a three digit
code of the form #.#.#, where:
• the first digit refers to the type of primary model group,
1.#.# — single element models, constructed to simulate the load-deflection be-
haviour of individual spring elements in either compression or tension,
2.#.# — multi-element models, used to develop an awareness of the geometry
deformation which influences the wheel’s load-deflection behaviour,
3.#.# — multi-element models, developed to approximate the actual behavioural
performance of the concept wheel.
• the second digit refers to the type of tertiary model group within a particular
primary group, whilst,
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• the third digit refers to an individual model within a particular tertiary model
group.
Figure 6.3: The proposed relationship between model groups used to simulate the behaviour
of the non-pneumatic wheel assembly.
A more detailed overview of the modelling process is given in Figure 6.4. The fig-
ure makes use of the model naming convention detailed above, showing a far more
comprehensive drill-down of each of the model groups, the actions required after each
stage of model development (to ensure downstream models have valid inputs), and the
complexity required to simulate the static behaviour of the concept wheel. The figure
illustrates how the geometry of the wheel (and it’s constituent components) influences
every individual model, as do the material properties.
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Figure 6.4: A detailed overview of the interrelationship between models used to simulate
the behaviour of the non-pneumatic wheel assembly.
Chapter 7
Development of equivalent
stiffness approximator
Before further reading of this chapter, the author recommends perusal of the literary
commentary on equivalent stiffness approximation theories discussed on page 29.
Each spring element (here referred to as a laminated beam) is constructed from a series
of layers of FGRP laminates. A layer refers to a section of the beam where a specified
number of laminates are used to build up the beam’s thickness. A broad range of
laminate types exist, each displaying different direction-dependent behaviours. Exam-
ples are uni-directional laminates (which have the majority of the fibres in the matting
oriented in the one direction); bias laminates (which have varying proportions of lam-
inates perpendicular to one-another); as well as many others — the list of laminate
types being exhaustive.
The type of laminate, and the number of laminates per layer influence the stiffness of a
laminated beam, as does that particular layer’s position away from the centroidal axis
of the beam cross-section. (A laminated beam is differentiated from a sandwich beam
by the omission of a lightweight core).
The springs used in the construction of the current prototype wheel were constructed
from one layer of seven laminates of 1000g/m2 10% bias E-glass matt. The manufac-
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turer’s published properties of this matting are given in Table 7.1 for construction using
resin infusion techniques.
Table 7.1: Properties of the fibreglass matting used in the construction of the prototype
wheel’s curved springs.
Material property Value
glass type E-glass
weight 880g/m2
weave type Bias
proportion of uni-directional fibres 90%
proportion of bias fibres 10%
laminate thickness 0.9mm typ.
elastic modulus 31.5GPa
Poisson’s ratio 0.27
7.1 The need for an equivalent stiffness approximator
Reiterating what has previously been discussed; theoretical expressions describing the
behaviour of axial loaded beams and columns require a single value of elastic modulus.
Hence the need for an equivalent stiffness approximation tool for the FGRP laminated
springs stems from:
1. the need to satisfy the assumption of linear elastic material usage (as specified in
section 4.2.2),
2. the single elastic modulus value required by the FEA package SolidWorks Simu-
lation for analysis of the spring components,
3. the need to explain the increase in stiffness observed when physical testing of
specimens was conducted (in comparison to those values predicted by the manu-
facturer),
4. the need to approximate the change in stiffness that results when different lami-
nate types are used.
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7.2 The spring manufacturing process
The elastic modulus specified by the manufacturer for their 1000g/m2 10% bias matt
is typical for composite samples made using resin infusion or ‘vacuum-bagged’ tech-
niques. Big Tyre, however, uses a different forming process when manufacturing the
FGRP springs. The process used by Big Tyre allows for more convenient mass produc-
tion of the spring components, with more consistent performance of each component.
The process (which from hereon shall be referred to as pulltruding) is schematically
illustrated in Figure 7.1.
Figure 7.1: A schematic representation of the process used by Big Tyre to manufacture
their FGRP spring blanks.(1) Matting is pulled off the roll, (2) resin is poured over the
matt, (3) excess resin is collected, (4) rollers ensure matting is wetted out and tensioned,
& (5) wetted laminate is applied on top of previous laminates.
The illustration shows the use of a large drum, of radius equal to the arc radius of the
pre-curved spring, which after having clamped one end of a roll of the desired laminate
type, rotates at a fixed speed via an electric motor. As the matting is pulled off the
roll, resin is dribbled over the matting before it passes through a set of rollers. These
rollers serve two purposes; to ensure that the fibres of the matt are entirely ‘wetted out’
with resin, and to keep tension on the pregnated matting that continues to wrap onto
the drum. This tensioning of the matting as it is being laid, encourages the fibres to
bed or bind on top of one another. The phenomenon, illustrated in Figure 7.2, results
in an increase in fibre fraction for the composite spring due to the close proximity that
fibres are forced to have with one another.
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Figure 7.2: Comparison between fibre proximity in a resin infused spring sample (left), and
those manufactured by Big Tyre (right).
The drum continues to rotate until the required number of layers, or alternatively
required thickness, has been achieved. After curing, the composite ring is slid from the
moulding drum and cut into segments to form individual spring blanks.
7.3 Theory and application
The theory of the equivalent stiffness technique works by homogenising a laminated
beam cross-section, constructed from theoretically isotropic laminates, to define a single
elastic modulus which characterises the beam as a whole. The stiffness, D, of an
isotropic beam is characterised by the multiplicity of it’s elastic modulus, E, and second
moment of inertia, I, such that;
D = EI
A laminated beam can be considered as being comprised of a number of isotropic
beams bonded together, with each beam in this case corresponding to a layer of FGRP
laminates.
It is general practice when constructing FGRP laminated beams, that their construction
be symmetric about the middle axis of the beam (refer to Figure 7.3). The assumption
that this practise will be adopted by Big Tyre, greatly simplifies the approximation
process by ensuring that the centroid of the laminated beam always remains in the
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Figure 7.3: A schematic diagram of a symmetrically constructed laminated beam. Note
the location of the centroid.
physical centre of the beam’s cross-section.
Considering the symmetric laminated beam depicted in Figure 7.3, the following state-
ments can be written:
υaverage = AV ERAGE(υ1, υ2, υ3) (7.1)
D1 = E1I1 (7.2)
= E1(
bt31
12
) (7.3)
D2 = E2I2 (7.4)
= E2
b
12
((t1 + 2t2)
3 − t31) (7.5)
D3 = E3I3 (7.6)
= E3
b
12
((t1 + 2(t2 + t3))
3 − (t1 + 2t2)3) (7.7)
where υ =Poisson’s ratio. The actual stiffness of the laminated beam is described by:∑
D = E1I1 + E2I2 + E3I3 (7.8)
Since the physical bounds of the laminated beam’s cross-section are known, then so is
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it’s general second moment of area; given by:
Ilaminatedbeam =
b
12
(t1 + 2(t2 + t3))
3 (7.9)
The equivalent or homogenised elastic modulus for the laminated beam is therefore
determined from:
Eequivalent =
∑
D
Ilaminatedbeam
(7.10)
If however, the physical cross-section of the laminated beam were to change from that
predicted prior to manufacture, such that the relationship given in equation 7.9 is no
longer true; rather:
Ilaminatedbeam =
bd
12
(7.11)
Where:
d 6= t1 + 2(t2 + t3) (7.12)
Then a different homogenised elastic modulus is calculated the same way as before,
using equation 7.10.
Most woven composite mattings, however, do not display isotropic behaviour; manufac-
turers usually specifying a direction of loading (either with-the-roll, or across-the-roll)
and a corresponding elastic modulus. Therefore, any matting which exhibits different
elastic behaviours depending on load orientation, shall be considered as separate ma-
terial types. This concept is illustrated in Table 7.2, where the same laminate type has
been entered twice into the materials selection table:
Using the theory developed above, an equivalent stiffness approximation tool was built
into a MS Excel spreadsheet such that it’s role in the scheme of the modelling process
satisfies that illustrated in Figure 6.4. The tool will only allow a maximum of 10
symmetric layers to be used, of which the number of laminates in each layer requires
specification. The logic progression of the tool follows that outlined in Figure 7.4.
Note the input requirements of the tool, and the final output values to be used by
other models.
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Figure 7.4: Representation of the workings of the elastic modulus approximation tool using
a logic flow chart. Those blocks shaded grey indicate where data is exchanged between
other worksheets; such as the materials database worksheet.
Figure 7.5 illustrates the interface of the equivalent stiffness approximation tool. The
interface was designed to be as intuitive as possible; the layout emphasising the sym-
metric composite construction technique with appropriate data automatically updating
after a particular material is selected.
The tool features a drop down list selection of available materials for one side of the
beam only; corresponding symmetric layers automatically updating (ensuring the sym-
metric laminate construction assumption remains valid). Whilst the FGRP beam de-
scribed in Figure 7.5 has a designated “core” layer, this ought not be confused with the
softer cores used in composite sandwich beams. Rather, the provision of a “core” layer
in this case allows the user to examine a beam where the total number of laminates is
odd.
The first full-scale prototype of the segmented concept wheel was manufactured as per
the details given in Figure 7.5. That is, the FGRP springs were manufactured from a
total of seven laminates of 880g/m2 10%bias uni-directional E-glass; the final thickness
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of the springs measured as 5.5mm; returning an equivalent homogenised elastic modulus
of approximately 47.3GPa instead of the 31.5GPa modulus expected by the laminate
manufacturer.
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Figure 7.5: Screen shot of the interface of the MS Excel -based elastic modulus approxima-
tion tool.
Chapter 8
Model 1.1.# construction
8.1 Model 1.1.1 - single element, extension
This section covers the implementation of the theory developed by Gonzalez & Llorca
(2005) into a working spreadsheet-based model, which simulates the behaviour of an
axial loaded curved beam in tension.
8.1.1 The theory proposed by Gonzalez & Llorca (2005)
Gonzalez and Llorca surmised that the case under consideration “belongs to a class of
elastic beam problems which are known to be integrable,” where Figure 8.1 depicts the
“initial and deformed configurations for the curved beam subjected to an axial load P
along the horizontal axis.” (It ought to be noted that any symbol with the subscript
0 refers to the initial undeformed beam, while those without refer to the deformed
configuration.)
Assuming that the;
• initial curvature of the beam was constant and equal to 1/R0,
• axial stiffness of the beam changes continuously during deformation,
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Figure 8.1: Diagram showing the initial and deformed beam configurations. Reproduced
from Gonzalez & Llorca (2005).
• beam material behaves as a linear elastic solid (characterised by its elastic mod-
ulus E ), and
• the effect of shear deformation is negligible;
Then the case in Figure 8.1 is described by
dθ
ds
=
1
R0
− M
EI
(8.1)
=
1
R0
− P [y(l)− y(s)]
EI
(8.2)
where M represents the bending moment at a distance s from the beam centre and I
represents the second moment of inertia of the beam section. Following some rather
complex mathematical manipulation, the behaviour of the beam is given by
δh = 2m
√
EI
P
([1 +
2
m2
]F [θl/2| −m2]− 2
m2
E[θl/2| −m2])− 2R0 sin θl0 (8.3)
where F [θl/2| − m2] and E[θl/2| − m2] describe incomplete elliptical integrals of the
first and second kind respectively, and:
m2 =
4PR20
EI − 4PR20 sin2 θl2
(8.4)
For an inextensible beam (where the beam length remains constant and equal to 2l0
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during deformation), the parameter θl depends on the formulation
l = l0 (8.5)
=
∫ l0
0
ds (8.6)
=
∫ l0
0
dθ√
1
R20
− 2PEI (cos θ − cos θl)
(8.7)
which according to Eq. 8.1 yields the theoretical solution:
l0 = m
√
EI
P
F [θl/2| −m2] (8.8)
Formulating an approximation based on Eq. 8.3 for the behaviour of an inextensible
beam, Gonzalez and Llorca present in non-dimensional form the functions
Pcrit =
EIδmax
R30
(8.9)
and
δmax = 2l0 − 2R0 sin θl0 (8.10)
where δmax is the maximum axial displacement of the inextensible beam, attained when
the beam is fully extended along the loading axis.
To find the deformation of the beam for a particular force, the polynomial
approximation
P
Pcrit
=
ξ
2φ
1− βξ2
(1− ξ)2/3 (8.11)
is used, where ξ = δh/δmax describes the extension ratio. (ξ = 1 indicates maximum
deformation). The constant φ, is given by
φ = θl0 +
θl0
2
cos 2θl0 −
3
4
sin 2θl0 (8.12)
and the coefficient β by:
β = 1− 21/3φ[ R0
δmax
]5/3 (8.13)
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8.1.2 Application of curved beam extension theory
Model 1.1.1 was constructed using equations 8.9, 8.10, 8.11, 8.12 and 8.13 developed by
Gonzalez & Llorca (2005). The model was fashioned such that all parameters involved
in calculation of Eq. (8.9-8.13) results were to be updated from external worksheets.
The purpose being that the spreadsheet corresponding to the function of model 1.1.1
ought never be accessed or modified, preventing those users who are unawares of the
workings of the model from disturbing it.
Figure 8.2 illustrates the steps involved in finding the force-deformation behaviour of a
particular beam.
Figure 8.2: Schematic flowchart of the workings of model 1.1.1.
Figure 8.3 illustrates how the process of calculating the deformation of the beam for a
range of forces was implemented in a spreadsheet.
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Figure 8.3: Screen shot of the MS Excel -based model 1.1.1.
The relationship between blocks in Figure 8.2 and the corresponding tables of Figure 8.3
are explained in Table 8.1.
The table in Figure 8.3 named “Results for comparator table” is a duplication of the
process used to calculate those values presented in the table named “Actual behaviour
of inextensible beam at applied load” which serves the purpose of updating stage two
and three models.
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Table 8.1: The relationship between blocks in Figure 8.2 and the corresponding tables of
Figure 8.3.
Figure 8.2 block name Figure 8.3 table
Execute Eq. 8.10, 8.12, 8.13 “Inextensible beam - calculations”
Execute Eq. 8.9 “Inextensible beam - calculations”
Table of incremental extension ra-
tios
right-hand column of “Dimensionless be-
haviour of inextensible beam”
Calculate P/Pcrit ratio for each ex-
tension ratio (Execute Eq. 8.11)
left-hand column of “Dimensionless be-
haviour of inextensible beam”
Tabulate results “Dimensionless behaviour of inextensible
beam”
Forces for which deformation re-
quires calculating
far left column of “Actual behaviour of in-
extensible beam at applied load”
Calculate deformation using exten-
sion ratio, and Eq. 8.10 result
second column from left of “Actual be-
haviour of inextensible beam at applied
load”
Tabulate Force vs. Deformation re-
sults
“Actual behaviour of inextensible beam at
applied load”
8.2 Model 1.1.2 - single element, extension
Model 1.1.2 encompasses the FEA simulation of a curved beam representative of that
analysed in model 1.1.1. In the case of model 1.1.2, only small displacement FEA solvers
were used. This model’s purpose was to illustrate the invalidity of small displacement
solvers when analysing the behaviour of springs used in the construction of Big Tyre’s
concept wheel design.
All FEA simulation studies were performed on the same computer; it’s credentials are
given in Table 8.2.
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Table 8.2: Particulars of the computer system used to run all FEA simulations.
Detail Specification
Processor: Intel R© Core i7 CPU 2.93GHz
Memory (RAM): 16GB
System type: 64-bit operating system
8.2.1 Modelling assumptions
The assumptions presented in Sections 4.2.2 and 8.1.1 which apply to this model are;
• the end fixtures of the beam are pinned (modelled as frictionless hinges),
• the initial curvature of the beam is constant,
• the self weight of components is negligible, and
• materials used are homogenous, displaying isotropic, linear elastic behaviour.
8.2.2 FEA details
Since the studies 1.1.2, 1.1.3, 1.2.2 and 1.2.3 share the exact same geometry, end con-
ditions and restraints, the one solid model was used to perform each study. Table 8.3
gives the details of the solid model used when performing these studies.
Figure 8.4 depicts the basic model used for each of the afore mentioned analyses. To
the left of the image, a fixed hinge restraint represents a fixed pin; to the right, the
combination of a pin and roller/slider restraint represents a sliding pin confined to axial
movement. Magenta coloured arrows represent the applied force.
8.2.3 Mesh details
To ensure the production of comparable results, studies 1.1.2, 1.1.3, 1.2.2 and 1.2.3
were meshed using the same parameters. Mesh parameters were changed as part of
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Table 8.3: Details of the FEA model.
Detail Value
Part number: Homogenous linear elastic curved beam.SLDPRT
Configuration: Default
Spring radius [R0]: 580mm
Angle of curvature [2θ]: 34.5◦
Spring chord length: 344.36mm
Cross section type: rectangular
Cross section width: 65mm
Cross section depth: 5.5mm
Young’s modulus [E]: 47.342GPa
Poisson’s ratio: 0.27
Figure 8.4: The FEA model used for the analyses corresponding to models 1.1.2, 1.1.3,
1.2.2 and 1.2.3.
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these studies to validate the results produced from each model and to determine the
maximum coarseness of mesh that could be used whilst still returning usable results.
Table 8.4 gives details regarding the various mesh parameters used for each study;
Figure 8.5 illustrates the differences in mesh sizing.
Table 8.4: Variations on mesh details used to validate FEA model results.
Mesh parameters Iteration 1 Iteration 2 Iteration 3
General details
Mesh type Solid, standard
tetrahedral
Solid, standard
tetrahedral
Solid, curvature
based
Jacobean points 4 points 16 points 16 points
Element size 2.5mm 5.5mm 10mm
Tolerance 0.125mm 2.5mm -
Min. element size - - 2mm
Min. No. elements in circle - - 8
Element growth ratio - - 1.6
Mesh refinement
Applied to Hinged face Hinged face Hinged face
Refined element size 2.5mm 2.5mm 2.5m
Growth ratio 1.5 1.5 1.5
Summary
Mesh quality High High High
Total nodes 104505 18070 17084
Total elements 65588 10287 9199
Max. aspect ratio 4.5821 17.863 5.8804
%age elements A.R. < 3 99.9 92.8 95.7
%age elements A.R. > 10 0 0.0389 0
Time to complete mesh 00:00:04 00:00:02 00:00:01
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Figure 8.5: Comparison of mesh sizes for the various iterations of the model. TOP —
Iteration 1; MIDDLE — Iteration 2; BOTTOM — Iteration 3.
8.2.4 Results
The results of this study, published in Tables E.1 and E.2 of Appendix E, indicate that
the mesh sizing allocated to “Iteration 2” was sufficient for producing quick results, the
accuracy of which compares well to iterations using much finer meshes. It ought to be
noted that SolidWorks Simulation returned warnings for all analyses where the load
was above 40kg, suggesting that “due to the large amounts of pin restraint rotation”,
a large displacement analysis would be more suitable.
For a comparison between the results of this model with others in the 1.1.# model
group, refer to Section 8.5.
8.3 Model 1.1.3 - single element, extension
Model 1.1.3 encompasses the FEA simulation of a curved beam representative of that
analysed in model 1.1.1. In the case of model 1.1.3, large displacement FEA solvers
were used. This model’s purpose was to validate the theoretical solution for the axial
extension of a curved beam as formulated in model 1.1.1.
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For details pertaining to the computer system used, see page 55.
8.3.1 Modelling assumptions
The assumptions used to model this study have been addressed previously; refer to
Section 8.2.1.
8.3.2 FEA details
The details of the FEA simulation have been presented previously; refer to Section 8.2.2.
8.3.3 Mesh details
Details pertaining to the meshes used for this analysis have been addressed previously;
refer to Section 8.2.3.
8.3.4 Results
The results of this study, published in Tables E.3 and E.4 of Appendix E, indicate that
the mesh sizing allocated to “Iteration 2” was sufficient for producing quick results,
the accuracy of which compares well to iterations using much finer meshes. The reader
ought to note the large increase in solving times in comparison to those of model 1.1.2.
For a comparison between the results of this model with others in the 1.1.# model
group, refer to Section 8.5.
8.4 Model 1.1.4 - single element, extension
Model 1.1.4 encompasses the FEA simulation of the spring assembly representative of
that used in the construction of Big Tyre’s full scale prototype concept wheel. Model
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1.1.4 was analysed using large displacement solvers, as the inaccuracy of small displace-
ment solvers was established prior this study. The model’s purpose was to determine the
degree of inaccuracy between the theoretical solution of model 1.1.1 and the expected
behaviour of the actual spring component used in the concept wheel’s construction.
For details pertaining to the computer system used, see page 55.
8.4.1 Modelling assumptions
In addition to those presented in section 8.2.1, the following assumptions apply to this
FEA model:
• no slip/shear occurs at the interface between the FGRP spring blank and the end
clamps, and
• the clamps are manufactured from mild carbon steel.
8.4.2 FEA details
Since the studies 1.1.4 and 1.2.4 share the exact same geometry, end conditions and
restraints, the one solid model was used to perform both studies. The model was built
to closely represent the actual component used in the prototype wheel construction.
Figure 8.6 illustrates how the SolidWorks assembly model was constructed from three
components; a spring blank and two end clamps.
Elements in common between the SolidWorks virtual model used for studies 1.1.2,
etc. and that used for studies 1.1.4, etc., are the distance between pins at either ends
(remaining at 344.36mm), the cross-section dimensions, and the material properties
of the spring (Part number: Homogenous linear elastic curved beam.SLDPRT) and
spring blank (Part number: B00070.SLDPRT). Stark differences are the overall length
of the spring and spring blank (despite having the same radius) so as to fit the end
clamps; also, A00071 has regions at the ends of the spring blank which are straight,
illustrated in Figure 8.6. The region of straightness is for the purpose of mating with
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Figure 8.6: Assembly of the SolidWorks virtual model for studies 1.1.4 and 1.2.4. TOP —
the constituent components, a spring blank and end clamp; BOTTOM — the assembled
spring element.
the end clamps in the assembly model.
Figure 8.7 depicts the basic FEA model used for both of the afore mentioned analyses.
To the left of the image, a fixed hinge restraint represents a fixed pin; to the right,
the combination of a pin and roller/slider restraint represents a sliding pin confined to
axial movement. Magenta coloured arrows represent the applied force.
Figure 8.7: The FEA model used for the analyses corresponding to models 1.1.4 and 1.2.4.
8.4.3 Mesh details
To ensure the production of comparable results, studies 1.1.4 and 1.2.4 were meshed
using the same parameters as those used for all other FEA simulations (refer to Ta-
ble 8.4). Mesh parameters were changed as part of these studies to validate the results
produced from each model and to determine the maximum coarseness of mesh that
could be used whilst still returning usable results. A summary of the mesh details is
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given in Table 8.5; Figure 8.8 illustrates the differences in mesh sizing.
Table 8.5: Variations on mesh details used to validate FEA model results.
Mesh parameters Iteration 1 Iteration 2 Iteration 3
Summary
Mesh quality High High High
Total nodes 184822 27092 21176
Total elements 118739 15553 12875
Max. aspect ratio 4.2723 7.0561 137.24
%age elements A.R. < 3 99.9 96.4 97
%age elements A.R. > 0 0 0.171
Time to complete mesh 00:00:08 00:00:02 00:00:02
Figure 8.8: Comparison of mesh sizes for the various iterations of the spring assembly
model. TOP — Iteration 1; MIDDLE — Iteration 2; BOTTOM — Iteration 3.
8.4.4 Results
The results of this study, published in Tables E.5 and E.6 of Appendix E, indicate that
the mesh sizing allocated to “Iteration 2” was sufficient for producing quick results, the
accuracy of which compares well to iterations using much finer meshes.
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Refer to Section 8.5 for further analysis of the results of this model.
8.5 Comparison of extension model behavior
This section pertains to the interpretation of the results of those models under the
1.1.# umbrella group.1The load-deformation performance of each model is illustrated
graphically in Figure 8.9.
The graph reveals the gross inaccuracy of the results of model 1.1.2. The results of
said model fail to indicate that the load capacity of the spring increases exponentially
with increasing extension deformation. Despite all other models indicating this type
of behaviour, it is evident that some discrepancy exists between models. Figure 8.9
reveals that this discrepancy grows with a corresponding increase in the applied load.
Figure 8.9: Comparison of the results from all stage 1.1.# models.
The correlation between models 1.1.1 and 1.1.3 is excellent, with 4.3% error at 400kg
applied force. This level of inaccuracy was considered as acceptable in light of the
objects of the project (i.e. the production of models which predict the load-deformation
behaviour of the wheel). It is observed that model 1.1.4 exhibits more resistance to
1Whilst tabulated results are available for all FEA-based models, the tables’ key purpose is to
illustrate the validity of FEA results, rather than compare the results of each model.
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deformation (or stiffness) than models 1.1.1 and 1.1.3. This behaviour was expected in
light of the discussions of Section 8.4.2, where the effective length of the FGRP spring
was reduced due to the stiffness provided by the end clamps. A reduction in chord
length of the curved beam yields an increase in its stiffness, explained by Eq. 8.10 and
8.13 presented earlier.
The unexpected poor performance of the actual spring specimen (designated as model
1.1.0) was attributed to its thickness. Post testing analysis revealed that the spring
thickness was closer to 5mm rather than the 5.5mm average thickness of other springs
in the same batch.
Error between the spreadsheet-based theoretical model (1.1.1) and the test specimen
(1.1.0) was approximately -23% at 400kg, whilst the error between model 1.1.1 and the
FEA model of the actual spring specimen (1.1.4) was approximately 17%.
In conclusion, model 1.1.1 is sufficient for use in predicting the performance of springs
used in the construction of Big Tyre’s concept wheel (for axial extensile loading only).
This conclusion was made based on the correlation between FEA models and that
constructed using the theoretical predictions of Gonzalez & Llorca (2005). Deviations
between the results of models 1.1.0, 1.1.1 and 1.1.4 do however, raise concerns about
inaccuracy when comparing theoretical curved beams with actual spring specimens
manufactured by Big Tyre. For this reason, the results of all subsequent models relying
on the predictions of model 1.1.1 must be considered as predictive rather than definite.
Chapter 9
Model 1.2.# construction
9.1 Model 1.2.1 - single element, compression
This section covers the implementation of the theory developed for analysing eccen-
trically loaded columns into a working spreadsheet-based model, which simulates the
behaviour of an axial loaded curved beam in compression.
9.1.1 The secant formula and eccentric loading of columns
The secant formula, a common engineering tool for the analysis of eccentrically loaded
columns is commonly presented in all good engineering mechanics textbooks. Its deriva-
tion and explanation therefore shall not be described in this report due to the frequency
with which most engineers encounter it. The formula, usually describing the critical
load for an eccentrically loaded column, is of an iterative nature where the solved answer
is reliant upon itself. Accuracy is obtained by a guess-and-check technique, whereby
resultant answers are continually used for subsequent calculations until an acceptable
degree of accuracy is reached.
Iterative processes do not lend themselves to implementation in a spreadsheet, as “cir-
cular reference” warnings arise during formulation. This same issue was faced by post-
graduate student Assi (2008), who worked on developing an approximation for the axial
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deformation of a pre-curved loaded column. Following the derivation of the secant for-
mula, Assi (2008) proposed the approximation:
δh = −1
2
(R0 −R0 cos θ0)( 1
cos
√
P
EI
L
2
− 1) (9.1)
where the author has changed the symbols published by Assi (2008) to those used for
describing the axial extension of a curved beam (see Section 8.1.1).
9.1.2 Application of eccentric column loading theory
Model 1.2.1 was constructed using equations 9.1 developed by Assi (2008). The model
was fashioned such that all the parameters of the afore mentioned equation were to
be updated from external worksheets. The purpose being that the spreadsheet corre-
sponding to the function of model 1.2.1 ought never be accessed of modified, preventing
those users who are unawares of the workings of the model from disturbing it.
Figure 9.1 illustrates the steps involved in finding the force-deformation behaviour of a
particular beam.
Figure 9.1: Schematic flowchart of the workings of model 1.2.1.
Figure 9.2 illustrates how the process of calculating the deformation of the beam for
a range of forces was implemented in a spreadsheet. The formulation does not require
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the use of extension ratios, however the same format was used as that for model 1.1.1
for the sake of consistency.
Figure 9.2: Screen shot of the MS Excel -based model 1.2.1.
The table in Figure 9.2 named “Results for comparator table” is a duplication of the
process used to calculate those values presented in the table named “Actual behaviour
of inextensible beam at applied load” which serves the purpose of updating stage two
and three models.
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9.2 Model 1.2.2 - single element, compression
Model 1.2.2 encompasses the FEA simulation of a curved beam representative of that
analysed in model 1.2.1. In the case of model 1.2.2, only small displacement FEA solvers
were used. This model’s purpose was to illustrate the invalidity of small displacement
solvers when analysing the behaviour of springs used in the construction of Big Tyre’s
concept wheel design. The model is exactly the same model 1.1.2, only the direction
of the deforming force was reversed.
For details pertaining to the computer system used, see page 55.
9.2.1 Modelling assumptions
The assumptions used to model this study have been addressed previously; refer to
Section 8.2.1.
9.2.2 FEA details
The details of the FEA simulation have been presented previously; refer to Section 8.2.2.
9.2.3 Mesh details
Details pertaining to the meshes used for this analysis have been addressed previously;
refer to Section 8.2.3.
9.2.4 Results
The results of this study, published in Tables E.7 and E.8 of Appendix E, indicate that
the mesh sizing allocated to “Iteration 2” was sufficient for producing quick results, the
accuracy of which compares well to iterations using much finer meshes. It ought to be
noted that SolidWorks Simulation returned warnings for all analyses where the load
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was above 40kg, suggesting that “due to the large amounts of pin restraint rotation”,
a large displacement analysis would be more suitable.
For a comparison between the results of this model with others in the 1.2.# model
group, refer to Section 9.5.
9.3 Model 1.2.3 - single element, compression
Model 1.2.3 encompasses the FEA simulation of a curved beam representative of that
analysed in model 1.2.1. In the case of model 1.2.3, large displacement FEA solvers
were used. This model’s purpose was to validate the theoretical solution for the axial
compression of a curved beam as formulated in model 1.2.1.
For details pertaining to the computer system used, see page 55.
9.3.1 Modelling assumptions
The assumptions used to model this study have been addressed previously; refer to
Section 8.2.1.
9.3.2 FEA details
The details of the FEA simulation have been presented previously; refer to Section 8.2.2.
9.3.3 Mesh details
Details pertaining to the meshes used for this analysis have been addressed previously;
refer to Section 8.2.3.
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9.3.4 Results
The results of this study, published in Tables E.9 and E.10 of Appendix E, indicate that
the mesh sizing allocated to “Iteration 2” was sufficient for producing quick results, the
accuracy of which compares well to iterations using much finer meshes. The reader
ought to note the large increase in solving times in comparison to those of model 1.2.2.
For a comparison between the results of this model with others in the 1.2.# model
group, refer to Section 9.5.
9.4 Model 1.2.4 - single element, compression
Model 1.2.4 encompasses the FEA simulation of the spring assembly representative of
that used in the construction of Big Tyre’s full scale prototype concept wheel. Model
1.2.4 was analysed using large displacement solvers, as the inaccuracy of small displace-
ment solvers was established prior this study. The model’s purpose was to determine the
degree of inaccuracy between the theoretical solution of model 1.2.1 and the expected
behaviour of the actual spring component used in the concept wheel’s construction.
The model is exactly the same model 1.1.4, only the direction of the deforming force
was reversed.
For details pertaining to the computer system used, see page 55.
9.4.1 Modelling assumptions
The assumptions used to model this study have been addressed previously; refer to
Section 8.4.1.
9.4.2 FEA details
The details of the FEA simulation have been presented previously; refer to Section 8.4.2.
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9.4.3 Mesh details
Details pertaining to the meshes used for this analysis have been addressed previously;
refer to Section 8.4.3.
9.4.4 Results
The results of this study, published in Tables E.11 and E.12 of Appendix E, indicate
that the mesh sizing allocated to “Iteration 2” was sufficient for producing quick results,
the accuracy of which compares well to iterations using much finer meshes.
Refer to Section 9.5 for further analysis of the results of this model.
9.5 Comparison of compression model behavior
This section pertains to the interpretation of the results of those models under the
1.2.# umbrella group.1The load-deformation performance of each model is illustrated
graphically in Figure 9.3.
The graph reveals the gross inaccuracy of the results of model 1.2.2. The results of
said model fail to indicate that the load capacity of the spring increases logarithmically
with increasing compression deformation. Despite all other models indicating this type
of behaviour, it is evident that some discrepancy exists between models. Figure 9.3
reveals that this discrepancy does not appear to be proportional to an increase in the
applied load.
The correlation between models 1.2.1 and 1.2.3 is excellent, with 5.4% error at 200kg
applied force. This level of inaccuracy was considered as acceptable in light of the
objects of the project (i.e. the production of models which predict the load-deformation
behaviour of the wheel). It is observed that model 1.2.4 exhibits more resistance to
1Whilst tabulated results are available for all FEA-based models, the tables’ key purpose is to
illustrate the validity of FEA results, rather than compare the results of each model.
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Figure 9.3: Comparison of the results from all stage 1.2.# models.
deformation (or stiffness) than models 1.2.1 and 1.2.3. This behaviour was expected in
light of the discussions of Section 8.4.2, where the effective length of the FGRP spring
was reduced due to the stiffness provided by the end clamps. A reduction in chord
length of the curved beam yields an increase in its stiffness, explained by Eq. 8.10 and
8.13 presented earlier.
The performance of the actual spring specimen (designated as model 1.2.0) exhibits
greater stiffness than theoretical predictions for loads less than 160kg, despite an ob-
servable lack of stiffness above 170kg. Considering the comments made previously in
Section 8.5 regarding the shorter spring chord length of model 1.2.4, the same applies to
model 1.2.0. (The increase in stiffness below 160kg can be attributed to the shortening
of the affective spring length due to the stiffness offered by the steel end clamps). The
poor resistance to deformation displayed above 170kg may be contributed to premature
failure of the specimen, where fibres located on the convex side of the spring start to
splinter or delaminate from one another.
Error between the spreadsheet-based theoretical model (1.2.1) and the test specimen
(1.2.0) was approximately -22% at 200kg, whilst the error between model 1.2.1 and the
FEA model of the actual spring specimen (1.2.4) was approximately 22%.
In conclusion, model 1.2.1 is sufficient for use in predicting the performance of springs
used in the construction of Big Tyre’s concept wheel (for axial compression loading
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only). This conclusion was made based on the correlation between FEA models and
that constructed using the theoretical predictions of eccentric column loading theory.
Deviations between the results of models 1.2.0, 1.2.1 and 1.2.4 do however, raise con-
cerns about inaccuracy when comparing eccentrically loaded column models with actual
spring specimens manufactured by Big Tyre. For this reason, the results of all subse-
quent models relying on the predictions of model 1.2.1 must be considered as predictive
rather than definite.
Chapter 10
Model 2.#.# construction
As a precursor to this chapter, the author wishes to enlighten the reader regarding the
use of the “pin naming convention” adopted to describe the location of a particular pin
type and its location. The pin naming convention is referenced heavily in the following
two chapters.
With reference to Figure 10.1, the convention adopted was thus:
• Segment number one (shortened to seg#1) refers to the bottommost segment of
the wheel. This conditions holds true for any number of segments used;
• Segment numbering continues in an anticlockwise direction, the next segment
number being seg#2, and so on until all segments are numbered;
• Spring-segment pins are those which hinge one end of the spring assembly to the
segment — they are designated the same number as the segment they join to;
• Segment-segment pins are those which provide the hinge between adjacent seg-
ments. Whilst segments have two segment-segment pins (for connection to adja-
cent segments on either side), the convention dictates that only one be named —
the pin immediately anticlockwise from the corresponding spring-segment pin.
• Hub pins are numbered such that they correspond with the spring-segment pin
at the other end of the spring assembly (for ODD arrays).
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Figure 10.1: Diagram illustrating the pin naming convention adopted for ease of modelling.
ODD arrays are those whose springs radiate clockwise when following the spring chord
from segment to hub. EVEN arrays are those whose springs radiate anti-clockwise
when following the spring chord from segment to hub.
The purpose of the pin naming convention was to aid in the modelling of stage 2.#.#
and 3.#.# models; providing a means of mapping out the coordinates of pins and
allowing the calculation of chord length changes for each spring.
The purpose of the models formulated in this chapter was to determine which type
of behaviour of the springs, either extensile or compressive, contributed most to the
concept wheel’s performance.
10.1 Model 2.1.1 - Rigid rim displacement
The possibility of using a solid rim sprung from a central hub is covered by Louden’s
patent, but has not been pursued due to concerns with adverse ground pressures result-
ing from the use of an un-deforming rim. At best, ground pressure ratios would mirror
those currently available from solid wheels; a characteristic that is unacceptable.
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Figure 10.2: Diagram illustrating the rigid-rim-displacement concept.
10.1.1 Model concept (2.1.1)
The concept behind this model’s construction, was to fix the position of spring-segment
pins in relation to one another, and displace the solid rim thus formed. The concept is
best illustrated in Figure 10.2 which shows an exaggerated dislocation of the solid rim.
Note that hub pin locations are unchanging.
In this case, displacement of the solid rim was restricted to positive movement in the
y-axis, the author considering that a compound movement (in both x and y directions)
to be an over complication of the same concept.
10.1.2 Concept application (2.1.1)
The concept of rigid-rim-displacement was applied by executing the following steps for
a particular, specified movement of the rim:
1. Map the original positions of all hub pins and spring-segment pins on the two-
dimensional x -y plane;
2. Displace the solid rim by an amount, y;
3. Determine the change in chord length of each spring;
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Figure 10.3: Schematic diagram of the process required to apply the rigid-rim-displacement
concept. Blocks in grey illustrate input/output from other worksheets.
4. Interpolate to find the force required to produce the known deformation in each
spring, using the results of models 1.1.1 and 1.2.1;
5. Resolve the corresponding deformative force for each spring into its x and y
components;
6. Sum resultant forces;
7. Account for the total number of arrays of springs used in the wheel’s construction.
The process outlined above, is more appropriately illustrated in Figure 10.3. The
schematic details the process involved in calculating the required force for any particular
rim displacement. To produce load-deformation graphs, the process was executed for
a range of displacement values.
The block in Figure 10.3 labelled “Force lookup” (highlighted blue) refers to a prede-
fined process common to all stage two and stage three models. Appropriately named,
the Force lookup process uses the outputs of the deformed geometry calculator to return
forces corresponding to the deformation experienced by each individual spring. The
conditional statements which govern the workings of the process determine whether
extensile or compressive deformation occurs, and perform linear interpolation on the
appropriate set of spring model data (refer to Figure 10.4). The Force lookup process
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Figure 10.4: Schematic diagram of the Force lookup process. Blue coloured blocks indicate
interfacing with a deformed geometry calculator.
is common to all models as it only requires updated spring-segment pin locations for
the process to function. (Linear interpolation was performed using a combination of
the MATCH and INDEX functions available in MS Excel.)
10.1.3 Model results (2.1.1)
The behavioural trends of model 2.1.1 are plotted in Figure 10.5, which shows that
with increasing displacement of the rigid rim, the resultant force grows exponentially.
This performance is akin to that of model 1.1.1, which displays similar exponential
force-increase behaviour. The suspension characteristics of this design are limited,
especially considering that a solid rubber wheel of the same size displays more than
20mm deflection at 25tonne. The performance of this model could be improved by
increasing either the radius of the springs used in it’s construction, the radial offset of
said springs, or by decreasing the elastic modulus of the spring material used.
Indepth information regarding the performance of the model was obtained by consid-
ering an individual load case. Figure 10.6 reveals the changes in chord length for each
spring in the model, whilst Figure 10.7 shows the resolved components of forces for
each spring for a 5mm rim displacement scenario. The latter reveals that those springs
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Figure 10.5: Actual performance of model 2.1.1.
Figure 10.6: Graph illustrating the deformation of each spring (ODD layers only) — model
2.1.1 with 5mm rim deflection.
contributing the most to the performance of the wheel are numbered between 19 and
26. With reference to Figure 10.2, spring numbers 19-36 are located at the top of the
wheel; Figure 10.6 acknowledging that these springs are being extended, influencing
the exponential behaviour of the model. The x-components of both ODD and EVEN
arrays sum to zero as expected.
In conclusion, model 2.1.1 indicates the influence that relocating the uppermost spring-
Figure 10.7: Graph of the force contribution of each spring resolved into x and y components
— model 2.1.1 with 5mm rim deflection.
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segment pins has on the load-deformation performance of the concept wheel. The
model’s behaviour is primarily reliant on the extensile behaviour of the springs from
which it is constructed. The use of a rigid-rim design has not yet been investigated
by Big Tyre due to concerns with poor suspension characteristics and adverse ground
pressures resulting from a non-deforming rim. If, however, such a concept was to be
investigated, model 2.1.1 would serve as an excellent basis from which initial feasibility
studies could be performed.
10.2 Model 2.2.1 - Simplified segmented rim
The purpose of this model was to serve primarily as a learning tool for the author prior
to the construction of more complex stage three models. The benefit of the exercise
being the information that model 2.2.1 yielded, and how it’s behaviour can be used to
interpret that of Big Tyre’s actual concept wheel prototype.
10.2.1 Model concept (2.2.1)
The concept behind this model’s construction was to model the interaction of the wheel
with a flat plate whilst ignoring the relationship between adjacent segment-segment
pins. Ignoring the fact that segment-segment pins must always be a set distance apart
(since the segments are rigid, hinged bodies), greatly simplifies the modelling process
as movement of the pins in the x-axis need not occur. The positions of all other pins
therefore remain in their original position.
In reality this is not the case. Movement of the flat plate upwards causes segments to
“flatten out”, whereby their adjacent segment-segment pin has the same y-coordinate
as themselves. The subsequent change in x-coordinate (to account for the fixed dis-
tance between adjacent pins) therefore impacts the placement of all other pins in the
wheel. An indepth discussion of this phenomenon is given in the following chapter
(Chapter 11), but is introduced here to inform the reader of the inaccuracy of model
2.2.1.
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Figure 10.8: Diagram illustrating the simplified segmented rim concept.
The simplified segmented rim concept is illustrated in Figure 10.8, which shows the
deformation experienced by spring-segment pins for a wheel interacting with a flat
plate. The figure shows a ground movement of 100mm measured relative from the
original location of spring-segment pin#1.
10.2.2 Concept application (2.2.1)
The concept of the simplified segmented rim was applied by executing the following
steps for a particular, specified ground intrusion:
1. Map the original positions of all hub pins and spring-segment pins on the two-
dimensional x -y plane;
2. Map the locations of spring-segment pins after interaction with the flat plate;
3. Determine the change in chord length of each spring;
4. Interpolate to find the force required to produce the known deformation in each
spring, using the results of models 1.1.1 and 1.2.1;
5. Resolve the corresponding deformative force for each spring into its x and y
components;
6. Sum resultant forces;
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Figure 10.9: Schematic diagram of the process required to apply the simplified segmented
rim concept. Blocks in grey illustrate input/output from other worksheets.
7. Account for the total number of arrays of springs used in the wheel’s construction.
The process outlined above, is more appropriately illustrated in Figure 10.9. The
schematic details the process involved in calculating the required force for any partic-
ular intrusion of the flat plate. To produce load-deformation graphs, the process was
executed for a range of displacement values.
The function of the Force lookup block depicted in Figure 10.9 was discussed previously
on page 77.
10.2.3 Model results (2.2.1)
The load-deformation behaviour of model 2.2.1 (depicted in Figure 10.10) contrasts
with the results of model 2.1.1 in several key ways. Consider that:
1. Distinct points exist where the load bearing capacity of the model suddenly in-
creases, indicating the sudden influence of adjacent springs as the ground dis-
placement/intrusion increases.
2. The regions of the curve between the distinct points of segment inclusion are
concave down, similar in fashion to the performance of model 1.2.1.
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Figure 10.10: Actual performance of model 2.2.1.
3. The load bearing capacity is far less than that predicted by model 2.1.1.
The study of an individual load case, where ground intrusion was set at 100mm, yields
the results presented in Figures 10.11 and 10.12. The first image illustrates the con-
dition that unless directly influenced by the location of the flat plate, spring-segment
pin locations remained unchanged. The result being that the only restoring force sup-
plied by the wheel model comes from spring numbers 1-4 and 34-36 as illustrated by
Figure 10.12. Study of these graphs reveals that all chord deformation for model 2.2.1
is negative, the spring extension model 1.1.1 never having been accessed.
Figure 10.11: Graph illustrating the deformation of each spring (ODD layers only) — model
2.2.1 with 100mm ground intrusion.
In conclusion, model 2.2.1 describes the behavior of a simplified segmented rim model
which considers the compressive loading of its spring components only. The model
is inaccurate due to the assumption that the relationship between adjacent segment-
segment pins is of no influence, but serves as a basis from which more complex models
can be built. The model also suggests that distinct points ought to exist where the
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Figure 10.12: Graph of the force contribution of each spring resolved into x and y compo-
nents — model 2.2.1 with 100mm ground intrusion.
load-deformation behaviour of the wheel drastically increases due to the inclusion of
adjacent springs as the ground increasingly deforms the wheel.
Chapter 11
Model 3.#.# construction
Before reading this chapter, the author recommends reading Chapter 10’s preamble,
which outlines the pin numbering convention adopted to assist in modelling Big Tyre’s
concept wheel prototype.
Stage three models were designed to simulate the actual behaviour of the prototype
concept wheel built by Big Tyre. The models were constructed with the knowledge
of the flaws of models 2.1.1 and 2.2.1. To solve the inaccuracies of model 2.1.1, the
rigid-rim-displacement assumption was abandoned, likewise, so was the assumption
of spring-pins limited to movement in the y-axis only — the concept governing the
behaviour of model 2.2.1. Instead, the realisation that spring-segment pins relocate in
both the x and y directions was of paramount concern when stage 3.#.# models were
being formulated.
The two-dimensional movement of the spring ends is apparent from the study of Fig-
ure 11.1. The figure uses a graphical representation of the segments used in the wheel’s
construction to illustrate that segments “flatten-out” once they have fully come into
contact with the ground (simulated as a flat plate). The locations of those spring-
segment pins which are now flat can be easily mapped as their location is fully defined.
In terms of the y-coordinate representing a flat segments’ spring-segment pin location; it
is the same height as that of spring-segment pin #1 — given by ypin#1, original + δground
where δground refers to the amount of intrusion of the ground on the wheel. The x-
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coordinate of the spring-segment pin is given by xN−1 + Dpin, where N refers to the
segment number under investigation, and Dpin is a constant, the distance between ad-
jacent segment-segment pins. 1The same considerations as that presented above, apply
likewise to the location of segment-segment pins.
Figure 11.1: Diagram illustrating the movement of rim pins once having contacted the
ground. LEFT — the original position of rim segments; RIGHT — the final position of
rim segments.
Despite the mapping of pins whose segments have flattened being straight forward, the
mapping of the rest of the wheels’ pins proves difficult. The location of the pins of seg-
ment #3 as illustrated in Figure 11.1 are indeterminate from a geometric point of view.
If segment #3 is rotated about the previous adjacent seg-seg pin, then the locus of seg-
seg pin #3 describes a circle of radius Dpin, and origin (xseg−seg pin#2, yseg−seg pin#2).
The segment-segment pin’s location, restricted to the locus of said circle, remains ge-
ometrically indeterminate unless a deformation profile is specified. In this case, “de-
formation profile” refers to any curve which simultaneously satisfies the location of the
remaining segment-segment pins whose segments are not flattened. Models 3.1.1 and
3.2.1 seek to plot deformation profiles for the remainder of those pins whose location is
unknown, in an effort to predict the behaviour of the concept wheel.
1This formulation however, only works for segments whose numbers are less than or equal to N
2
.
The coordinates of segments whose numbers are greater than N
2
are found to be the mirror of their
counterparts about the x-axis.
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11.1 Model 3.1.1 - Circular deformation profile
Despite much work being involved in the development of model 3.1.1, it was abandoned
part-way through it’s construction due to the flaws with the assumption of a circular
deformation profile (refer to Section 11.1.3). The following details the work invested in
constructing model 3.1.1 prior to its abandonment.
11.1.1 Model concept (3.1.1)
Model 3.1.1 was constructed using the assumption that the deformation profile of the
wheel was circular. Observation of the actual prototype wheel’s performance revealed
that the uppermost segment (in this case #17) did not move despite changes in ground
intrusion. It was therefore hypothesised that any circular deformation profile would
need to satisfy three distinct points:
1. The non-deformed segment-segment pin location of the uppermost rim segment
(for wheels with an even number of segments, N , the uppermost segment corre-
sponds to #(N2 − 1);
2. The segment-segment pin location of the rightmost flat segment. For the case
illustrated in Figure 11.1, seg-seg pin#2;
3. The segment-segment pin location of the leftmost flat segment. For the case
illustrated in Figure 11.1, seg-seg pin#35;
Since the location of these points is calculable, a circular deformation profile could be
plotted through them. Once the equation of the circulation deformation profile was
known, the location of segment-segment pins were to be calculated by considering the
intersection of two circles; the first being that described as the locus of the pin about
its pre-cursing segments’ pin; the second being the deformation profile.
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11.1.2 Concept application (3.1.1)
The circular deformation profile concept was applied by executing the following steps
for a particular, specified ground intrusion:
1. Map the original positions of all hub pins and spring-segment pins on the two-
dimensional x -y plane;
2. Map the locations of spring-segment pins, accounting for the flattening of those
segments in contact with the ground — all others to a circular deformation profile;
3. Determine the change in chord length of each spring;
4. Interpolate to find the force required to produce the known deformation in each
spring, using the results of models 1.1.1 and 1.2.1;
5. Resolve the corresponding deformative force for each spring into its x and y
components;
6. Sum resultant forces;
7. Account for the total number of arrays of springs used in the wheel’s construction.
The process outlined above, is more appropriately illustrated in Figure 11.2. The
schematic details the process involved in calculating the required force for any particular
intrusion of the flat plate. The function of the Force lookup block depicted in the figure
was discussed previously on page 77.
The coordinates of any segment-segment pin located on the deformation profile was
calculated using the works of Ferris State University (n.d.) which detail algebraic
means of solving the intersection of two circles. For any two circles in the x− y plane
described by equations:
(x− h1)2 + (y − k1)2 = R21 (11.1)
(x− h2)2 + (y − k2)2 = R22 (11.2)
The y-coordinate of any points of intersection is solved for using the quadratic expres-
sion
4(w2 + v2)y2 + 4(uw − 2v2k1)y + u2 − 4v2(R21 − k21) = 0 (11.3)
11.1 Model 3.1.1 - Circular deformation profile 89
Figure 11.2: Schematic diagram of the process required to apply the assumption of a
circular deformation profile. Blocks in grey illustrate input/output from other worksheets.
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where
u = R21 −R22 + h21 + h21 − 2h1h2 − k21 + k21 (11.4)
v = h2 − h1 (11.5)
w = k1 − k2 (11.6)
and the x-coordinate is found by substituting the known y value back into Eq. 11.1.
11.1.3 Model results (3.1.1)
The abandoning of model 3.1.1 came from the realisation of how inaccurate the assump-
tion of a circular deformation profile was. All segment-segment pins must remain the
same distance apart from one another, a geometric relationship that was invalidated
by assuming a circular deformation profile. Figure 11.3 schematically represents two
possible representations of the concept wheel’s deformation profile should the assump-
tion be true. The outer circle represents the location of all segment-segment pins prior
to deformation; the next inward arc represents a ground intrusion of 36mm, whereby
three segments are caused to flatten — the straight line intersecting the pins of flat-
tened segments; the innermost arc represents a ground intrusion of 98mm, whereby five
segments are caused to flatten. The figure illustrates that any arc plotted through the
three points which the profile must fit, continues to decrease in diameter with increasing
ground intrusion, despite the lengthening of the flat region at the bottom of the wheel.
A decrease in diameter of a circular arc corresponds to a decrease in circumference,
forcing segment-segment pins closer together than is physically realisable.
Figure 11.3: Depiction of the flaws of the circular deformation profile assumption.
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Pursuing with the development of the model yielded the results graphed in Figure 11.4.
The graph shows no apparent increase in load bearing capacity of the wheel with in-
creasing ground intrusion (as was expected), rather its behavior is erratic for intrusions
above 40mm. Also, the results suggest that loads within the vicinity of 60tonne are
required to deform the wheel by any more than 25mm; laboratory tests of the full-scale
prototype reveal this to be grossly inaccurate. The model was abandoned at this stage
without further refinement to the model.
Figure 11.4: Actual performance of model 3.1.1.
11.2 Model 3.2.1 - Elliptical deformation profile
The purpose of this model was to address those issues presented by model 3.1.1. The
primary flaw of model 3.1.1 was in the reduction in total length of the deformation
profile, where in reality this is not possible. The fact remains that any deformation
profile must still fit to the three points mentioned on page 87. Assuming that the profile
fits to a simple geometric shape, the next logical choice is an ellipse whose circumference
is the same as that of the circular non-deformed profile.
11.2.1 Model concept (3.2.1)
Model 3.2.1 was constructed using the assumption that the deformation profile of the
wheel was elliptical. The use of an elliptical deformation profile allows for the squashing-
type phenomenon exhibited by the concept wheel prototype when under load by
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Figure 11.5: Schematic diagram illustrating an assumed elliptical deformation profile for
the segment-segment pins.
allowing the deformed wheel to bulge at the sides, all the while preserving the constant
circumference length. This behaviour is more appropriately illustrated in Figure 11.5.
The outer circle represents the location of all segment-segment pins prior to defor-
mation; the next inward arc represents a ground intrusion of 36mm, whereby three
segments are caused to flatten — the straight line intersecting the pins of flattened seg-
ments; the innermost arc represents a ground intrusion of 98mm, whereby five segments
are caused to flatten.
11.2.2 Concept application (3.2.1)
The elliptical deformation profile concept was applied by executing the following steps
for a particular, specified ground intrusion:
1. Map the original positions of all hub pins and spring-segment pins on the two-
dimensional x -y plane;
2. Map the locations of spring-segment pins, accounting for the flattening of those
segments in contact with the ground — all others to an elliptical deformation
profile;
3. Determine the change in chord length of each spring;
4. Interpolate to find the force required to produce the known deformation in each
spring, using the results of models 1.1.1 and 1.2.1;
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5. Resolve the corresponding deformative force for each spring into its x and y
components;
6. Sum resultant forces;
7. Account for the total number of arrays of springs used in the wheel’s construction.
The process outlined above is more appropriately illustrated by the schematic used to
describe the workings of model 3.1.1 (see Figure 11.2 on page 89). The workings of
model 3.2.1 are better described by said figure if the process block named “Perform
circle-circle intersection calculation” is renamed “Perform circle-ellipse intersection cal-
culation”. The schematic details the process involved in calculating the required force
for any particular intrusion of the flat plate. The function of the Force lookup block
depicted in the figure was discussed previously on page 77.
Considering only deformation profiles which can be described by an ellipse of the form
(x− h)2
a2
+
(y − k)2
b2
= 1 (11.7)
then the equation of said ellipse can be found using four separate points on its locus.
Alternatively, the equation of the ellipse can be approximated by considering three
separate points on its locus and its circumference. The circumference of an ellipse
is solved theoretically using complete elliptical integrals of the second kind. A good
approximation however, is given by:
C ≈ pi(a+ b)(1 + 3(
a−b
a+b)
2
10 +
√
4− 3(a−ba+b)2
) (11.8)
It was found that a good way of compensating for the squashing-type behaviour of the
wheel was to assume that any decrease in height of the ellipse would give rise to an
equivalent increase in width. The only remaining variable being the location of the
centre of the ellipse, (0, k) (h = 0 since the centre of the ellipse lies on the y-axis).
These conditions are explained by the expressions:
a =
Doriginal
2
+ k (11.9)
b =
Doriginal
2
− k (11.10)
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where Doriginal refers to the diameter of the circular non-deformed profile. Since
Cellipse =
piD2original
4
(11.11)
Eq. 11.8 could be solved iteratively for k. Multiple iterations were required to improve
the accuracy of the final k value.
The complexity of assuming an elliptical deformation profile arose when trying to solve
for the coordinates of segment-segment pins not directly in contact with the ground
(seg-seg pin#3 in the case illustrated by Figure 11.1 on page 86). The algebraic solution
to the intersection of a circle and an ellipse results in a fourth order polynomial equation
for which MS Excel does not have a built-in function to handle.
11.2.3 Model results (3.2.1)
The author was not able to complete the construction of model 3.2.1 within the time
frame given. The reasons being:
• The time allocated to the construction of model 3.2.1 as specified in the Project
Management Plan was not sufficient in light of the complexity of mapping an
elliptical deformation profile, let alone solving for pin locations.
• The author had attempted to solve the intersection problem using comparative
lookup techniques, whereby data sets are compared for similar/common results
which in this case would reveal an intersection point. The process however, was
cumbersome, requiring large sets of data just to map out the location one segment-
segment pin. Circular reference warnings arose when trying to solve for multiple
pin locations simultaneously; the issue was left unaddressed.
Unfortunately the model was left unfinished with no behavioural predictions having
been produced prior to the compilation of this report.
Chapter 12
Conclusions and
recommendations
This project, whilst incomplete, has been of use in the development of Big Tyre’s
non-pneumatic wheel assembly concept.
Models 1.1.1 and 1.2.1 have proved valuable in the initial stages of spring design for
other wheel sizes which Big Tyre hopes to field test. Whilst inaccuracies continue to
exist between the performance of manufactured springs samples and that predicted by
these models, the indicative behavioural trend is sufficient to influence GO and NO-GO
decisions involved in the initial design stages.
Models 2.1.1 and 2.2.1 have been used to help explain the performance of the prototype
assembly. Model 2.1.1 remains as a useful tool should Big Tyre start to investigate the
use of rigid-rim-type designs. The performance of model 2.2.1 however, is not unlike
that of the prototype wheel when interacting with aggressive obstacles.
Model 3.1.1 remains of little practical use despite the advantages it offered to the mod-
elling of 3.2.1. The author recommends that further work be carried out using the
findings of this report, such that model 3.2.1 is completed and its predictions compared
to the actual performance of the concept wheel. For convenience, the elliptical de-
formation profile assumption ought be modelled using MATLAB (or similar software)
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despite the lack of knowledge of Big Tyre staff regarding C-based programming lan-
guages. Ideally a GUI would be developed such that the workings of the model ought
never be accessed by those unawares of its function.
Unfortunately, completion of model 3.2.1 and the formulation of other stage three
approximation models is unlikely to be encouraged by Big Tyre. This is due to the
company’s purchase of a non-linear FEA package dedicated to the analysis of complex
geometries using large displacement solvers. The purchase was a joint venture between
Big Tyre and an external engineering firm which the company consults for all continued
development of the non-pneumatic wheel concept. This move was made roughly two
months prior to the student project’s completion. The initial outlook after two months
of use of the software seems positive.
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streamline the engineering of, and predict the performance of Big
Tyre’s patented non-pneumatic tyre assembly prototype for vary-
ing geometries and material properties.
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1. Research the conditions of the operating environment for which Big Tyre Pty. Ltd. is developing its
product in order to understand load bearing requirements.
2. Critically evaluate the effectiveness and usability of current numerical models/methods.
3. Develop spreadsheet-based models of curved sandwich springs using curved beam theory and com-
posite sandwich equivalent stiffness theory.
4. Determine, if any, the relationship between simplified spring models, FEA of complete models and
actual prototype.
5. Propose a design based on current component types to satisfy 1.
As time and resources permit:
1. Investigate the effect rubber tread has on the stiffness of the segmented rim.
2. Undertake large displacement finite element analysis on a rubber tyred-segmented wheel.
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Student Name: S. Thompson
Date: 21/03/2012
Supervisor Name: C. Snook
Date: 21/03/2012
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Project management plans
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This appendix outlines the management plans used by the author to ensure the student
project was completed on time, in accordance with the regulations set by the University
of Southern Queensland as well as those outlined by the Project Specification (refer to
Appendix A).
Both plans were drafted prior to the commencement of any works on the project (aside
from approval of the Project Specification), with subsequent revisions made as needed
during the project’s development.
B.1 Project management plan
B.1.1 Purpose of the project management plan
The purpose of this sub-report is to provide a project management plan to facilitate
the completion of the student project to an exceptional standard. The planning report
encapsulates the scheduling of works with a brief overview of the resource requirements
of the student project.
B.1.2 Scheduling of works
All works are to be scheduled to ensure the completion of key milestones throughout
the student project. Key milestones are those which require the submission of material
to the University of Southern Queensland; milestones and their dates are given in
Table B.1.
With reference to the guidelines provided in the course materials of ENG4111, the
works schedule has been illustrated using a Gantt chart. It ought to be understood
that the PMP works schedule is an evolving document, with the author unable to drill-
down the facets of all major components of the project at it’s initial onset. Further
details are to be added when they are considered as pertinent.
Figures B.1, B.2, B.3 and B.4 on pages 105-108 illustrate the works schedule in its final
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Table B.1: Key milestones that must be met during the development of the student project.
Milestone Date (dd/mm/yyyy)
Project proposal (project allocation) due 07/03/2012
Project specification due 21/03/2012
Project preliminary report due 23/05/2012
ENG3904 Seminar presentation 20/09/2012
Dissertation due 25/10/2012
revised form.
B.1.3 Resource requirements
The resources required to complete the student project are:
LATEX 2ε — for document compilation, report writing and the like;
Microsoft Excel 2010 — for theoretical model construction, including storage and
presentation of data. (Any Excel variation which can handle the .xlsx file exten-
sion will suffice);
SolidWorks 2010 Premium — for modelling and analysis of virtual components of
the concept wheel. Inclusion of the add-in package SolidWorks Simulation is a
must.
B.1.4 Contingency plans
Contingency by definition refers to a chance, accident, or possibility conditional on
something uncertain. In this case, that which is uncertain is the success of each stage
of modelling, the availability of accurate reliable test data for physically constructed
spring specimens, the relationship between models, and the hierarchial approach used
to integrate them. Should complications arise during development of the project, the
following course of action shall be taken:
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Engineer a solution — the problem is to be solved using engineering judgement,
technical knowledge, research and any other skill-set a competent engineer is
required to possess;
Consult supervisor — if the problem remains beyond the ability of the author, con-
sult the student project supervisor for advice;
Propose a change to the project specification — should the supervisor’s advice
fail to aid in the solving of the problem, a change to the project specification may
be proposed (however consideration must be given to the length of time required
to change the project specification);
Consult supervisor — consult the supervisor regarding changes to the project spec-
ification.
Action the decision — any allowable changes to the project specification to aid in
the solving (or dismissal) of a particular problem are to be actioned immediately,
as this document is the prime source of direction for the student project.
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Figure B.1: Gantt chart illustration of the project works’ schedule - part1.
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Figure B.2: Gantt chart illustration of the project works’ schedule - part2.
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Figure B.3: Gantt chart illustration of the project works’ schedule - part3.
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Figure B.4: Gantt chart illustration of the project works’ schedule - part4.
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B.2 Risk management plan
B.2.1 Purpose of the risk management plan
The purpose of this sub-report is to present a risk management plan, which identifies
and proposes strategies to deal with risks that present themselves during the develop-
ment of the student project. The risk management plan cannot hope to foresee all risks
involved in the project, instead focusing on the proposal of strategies the ought to be
implemented once a risk is identified.
B.2.2 Identification and mitigation of risks
There is no risk of personal injury, as all works are computer simulation based, with
physical testing having been completed prior to the student project. Risks are therefore
associated with the inability to complete the project on time and in accordance with
the project specification.
Failure to complete the student project stems from the risks of;
poor time management — a risk that can be minimised through the implementa-
tion and constant review of the project management plan (see section B.1 of this
sub-report),
poor test data availability or quality — a risk that can be addressed by re-testing
spring specimens and the concept wheel prototype using more elaborate equip-
ment, or more stringent testing procedures. Unfortunately this mitigation strat-
egy is beyond the scope of the student project — the author having to make-do
with the available data,
the inability to address the requirements of the project specification — in which
case the project management plan ought to be consulted, particularly that com-
ponent referring to contingency plans (refer to page 103).
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Eimco ED10 LHD product
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.:
 7
 
D
ate
:
 29
-04
-2004
 
 
 P
ag
e
 2
 of
 4
 
 
 
C
A
PAC
ITIES
 
P
aylo
ad
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.10
,000
 kg
 
(fo
rks
,
 600
 m
m
 fro
m
 fo
rk
 fa
ce
,
 2
m
 m
a
x
.
 lift
 h
eight)
 
P
aylo
ad
 (b
u
cket)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.8
,700
 kg
 
Sta
nda
rd B
u
cket
 
 
Stru
ck
 C
ap
acity
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.3
.1
 m
3
 
O
ptio
n
al
 B
u
cket
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.3
.8
 m
3
 
(O
th
e
r
 b
uckets
 a
vailable
,
 co
n
sult
 fa
cto
ry)
 
 
SER
VIC
E
 C
A
PAC
ITIES
 
Hyd
ra
ulic
 T
a
nk
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.340
 litres
 
Fu
el
 Ta
nk
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.140
 litres
 
Tra
nsm
issio
n/C
o
n
ve
rte
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.20
.8
 litre
s
 
E
ngin
e
 C
ra
nkcase
 O
il
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.28
 litre
s
 
E
ngin
e
 C
o
oling
 Syste
m
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.64
 litre
s
 
D
iffe
re
ntial
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.15
.9
 litre
s
 
W
h
eel
 E
nd
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.6
 litre
s
 e
a
 
A
xle
 Total
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.37
.8
 litre
s
 
 
W
EIG
H
T
 
O
p
e
rating
 (incl
.ca
n
opy
,
 e
xcl
.
 b
u
cket)
.
.
.
.
.
.
.
.
.
.
.
.20
,654
 kg
 
G
ro
u
nd P
ress
u
res
 
R
ated
 paylo
ad
 o
n
 fo
rks:
 
L
o
ade
r
 E
nd
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.998
 kP
a
 
P
o
w
e
r
 M
od
ule
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.309
 kP
a
 
 
ENG
IN
E
 
Typ
e
.
.
.
.
.
.
.
.
.
.D
iesel,
 D
ire
ct
 Inje
ctio
n
,
 Tu
rb
o
,
 Afte
r
 C
o
oled
 
M
ake/M
od
el
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
ate
rpilla
r
 3126
 TA
 
D
isplace
m
e
nt
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.7
.24
 litre
s
 
P
o
w
e
r
 @
 R
PM
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.150
 kW
 @
 2400
 rp
m
 
M
a
x
 To
rq
ue
 @
 R
PM
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.736
 N
m
 @
 1900
 rp
m
 
Sta
rting
 M
oto
r
 Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Air
 
E
ngin
e
 Speeds
 
L
o
w
 Idle
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.850
 rp
m
 
H
igh
 Idle
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.2600
 rp
m
 
G
o
ve
rned
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.2400
 rp
m
 
Stall
 Speeds
 
C
o
n
ve
rte
r
 Stall
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.2470
 rp
m
 
Full
 Stall
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.2450
 rp
m
 
Fuel
 C
o
n
s
u
m
ptio
n
 
At
 M
a
xim
u
m
 P
o
w
e
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.44
.6
 L/h
r
 
Intake
 Syste
m
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.D
ry
 P
ap
e
r
 w
ith
 D
u
al
 Ele
m
e
nts
 
M
ake
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.D
o
naldso
n
 Cyclop
ack
 
Fa
n
 D
rive
 Syste
m
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Hyd
ra
ulic
 D
rive
 
E
xha
u
st
 Syste
m
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Fla
m
ep
ro
of
 W
ate
r
 B
ath
 C
o
nditio
ne
r
 
D
iesel
 P
a
rticulate
 Filte
rs
…
…
…
…
…
.
.
.Ple
ated
 M
ediu
m
 
(O
ptio
nal
 o
utsid
e
 of
 NSW
)
 
 
 
PO
W
ER
 TR
A
IN
 
Tra
n
s
m
issio
n
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.4
 Spd
 P
o
w
e
rshift
 
M
ake/M
od
el
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
la
rk
 R32000
 S
e
rie
s
 
Sp
e
eds
,
 F/R
 L
ad
e
n
 (km
h)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.4
.5
,
 9
.2
,
 15
.6
,
 26
.2
 
 Torque
 C
o
n
ve
rte
r
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Single
 Ele
m
e
nt
 
M
ake/M
od
el
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
la
rk
 C323
 
 A
xles
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Pla
n
eta
ry
 
M
ake/M
od
el
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.16D
2149
 
 W
heels
 
W
h
eel
 N
ut
 To
rq
u
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.610
 N
m
 
 Tyres
 
M
ake/M
od
el
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.ALPH
A
 
‘LAR
’
 SER
IES
 
Size
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.55
 x
 18
 
–34/50
 
Inflatio
n
 P
re
ssu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Fro
nt
 1030
 kP
a
 
 
R
e
a
r
 1030
 kP
a
 
O
ptio
n
al
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.17
.5
 x
 25
 
 32
 PR
 
 Tractive
 Effo
rt
 
1
st
 g
e
a
r
 
 (m
a
x
.)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.19
,500
 kg
 
2
nd
 g
e
a
r
 
 (m
a
x
.)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.9
,230
 kg
 
3
rd
 g
e
a
r
 
 (m
a
x
.)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.5
,330
 kg
 
4
th
 g
e
a
r
 
 (m
a
x
.)
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.3
,080
 kg
 
 
O
SC
ILLA
TIO
N
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.R
e
a
r
 A
xle
 B
olste
r
 
D
eg
re
es
 Up
 a
nd
 D
o
w
n
 fro
m
 H
o
riz
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.10
 d
eg
 
 
A
R
TICU
LA
TIO
N
 
B
e
a
ring
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Sph
e
rical
 Plain
 
 
101
 m
m
 B
o
re
 
Pin
 M
ate
rial
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.H
a
rd
e
ned
 Ste
el
 
D
eg
re
es
 of
 T
u
rn
 eith
e
r
 side
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.40
 d
eg
 
 
SEA
TING
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.S
w
ivel
 S
e
at
 w
ith
 Air
 S
u
spe
n
sio
n
 
M
ake/M
od
el
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.T-B
ack
 M
ining
 V
ehicle
 S
eat
 
Alte
rn
ative
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
usto
m
e
r
 p
refe
re
nce
 
 EIM
CO
 ED
10
 LH
D
 
 
 
C
A
TER
PILLA
R
 3126
 TA
 ENG
IN
E
 
 
D
A
TA
 SH
EET
:
 A
2U
220
-850086
 R
e
v
.:
 7
 
D
ate
:
 29
-04
-2004
 
 
 P
ag
e
 3
 of
 4
 
  
C
A
NO
PY
 
R
.O
.P
.S
 
H
eight
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.1880
 m
m
 
 Plate
 Type
 (F.O
.P
.S)
 
H
eight
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.2200
 m
m
 
 
H
YD
R
AU
LIC
 SYSTEM
 
 
Circ
uits
 
Ste
e
ring/B
rake
s
 
 
 Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.O
p
e
n
 C
e
ntre
 
 
 P
re
ssu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.172
 b
a
r
 
B
u
cket
 
 
 Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
losed
 C
e
ntre
 
 
 P
re
ssu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.172
 b
a
r
 
 
 Applicable
 Fluid
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.M
in
e
ral
 O
il
 
 Filtratio
n
 
S
u
ctio
n
.
.
.
.
.
.
.
.
.
.
.100
 M
esh
 Strain
e
r
,
 M
ag
n
etic
,
 W
ash
able
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
40
 m
icro
n
 
R
etu
rn
.
.
.
.
.
.
.
.
.
.
.In
 Ta
nk
,
 10
 m
icro
n
 R
eplaceable
 Ele
m
e
nt
 
O
fflin
e
 P
re
ssu
re
…
…
.
.10
 m
icro
n
 R
eplace
able
 Ele
m
e
nt
 
O
fflin
e
 R
etu
rn
…
…
…
.
.10
 m
icro
n
 R
eplace
able
 Ele
m
e
nt
 
 P
u
m
ps
 
Ste
e
ring/B
rake
s
 
 
 Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Fixed
 D
isplace
m
e
nt
 V
a
n
e
 
 
 M
ake
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.D
e
niso
n
 
 
 O
utp
ut
 @
 2600
 E
ngine
 R
PM
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.144
 lp
m
 
 B
u
cket
 
Typ
e
…
…
…
…
…
…
…
…
…
…
…
P
ressu
re
 C
o
m
p
e
n
sated
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 V
a
riable
 D
isplace
m
e
nt
 
O
utp
ut
 @
 2600
 E
ngin
e
 R
PM
…
…
…
…
…
…
…
.
.275
 lp
m
 
 Stee
ring Syste
m
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
e
ntre
 A
rticulated
,
 Hyd
ra
ulic
 
 
 
W
ith
 A
ccu
m
ulato
r
 R
ese
rve
 
C
o
ntrol
 V
alve
 Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
losed
 C
e
ntre
 
A
ctu
atio
n
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.O
rbital
 
Cylind
e
r
 R
elief
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.186
 b
a
r
 
A
ccu
m
ulato
r
 Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Pisto
n
,
 N
itroge
n
 cha
rged
 
 
 Q
u
a
ntity/C
ap
a
city
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.2/
 4
 litre
 
 
 P
re
ch
a
rg
e
 P
re
ssu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.55
 b
a
r
 
 B
u
cket
 Syste
m
 
C
o
ntrol
 V
alve
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
losed
 C
e
ntre
 
A
ctu
atio
n
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Hyd
ra
ulic
 Pilot
 0p
e
rated
 
M
ain
 R
elief
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.210
 b
a
r
 
P
o
rt
 R
elief
…
…
…
…
…
…
…
…
…
…
…
…
…
…
…
.
.
.190
 b
a
r
 
   
  Pilot
 C
o
ntrol
 
S
o
u
rce
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.B
u
cket
 C
ircuit
 
P
re
ssu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.35
 b
a
r
 
   S
e
rvice
 B
rake
 Syste
m
 
C
o
ntrol
 V
alve
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.R
e
ve
rse
 M
od
ulating
 
A
ccu
m
ulato
r
 Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Pisto
n
,
 N
itroge
n
 cha
rged
 
 
 Q
u
a
ntity/C
ap
a
city
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.1/1
 litre
 
 
 P
re
ch
a
rg
e
 P
re
ssu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.55
 b
a
r
 
 P
a
rk
 B
rake
 Syste
m
 
C
o
ntrol
 V
alve
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.3
 W
ay
 
 
B
R
A
K
ES
 
S
e
rvice
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Totally
 E
n
closed
,
 Liq
uid
 C
o
oled
 
A
ctu
atio
n
…
…
…
…
…
…
F
o
ot
 P
ed
al
 R
e
ve
rse
 M
od
ulating
 
M
inim
u
m
 R
ele
a
se
 P
ressu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.105
 b
a
r
 
M
ake
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
la
rk
 
Applicatio
n
.
.
.
.
.
.
.
.
.
.Hyd
ra
ulic
 W
ith
 A
ccu
m
ulato
r
 R
ese
rve
 
 
 
Sp
ring
 Applied
 
-
 Hyd
ra
ulically
 R
ele
ased
 
L
o
catio
n
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.E
a
ch
 W
h
e
el
 E
nd
 
 P
a
rk
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Totally
 E
n
closed
,
 Liq
uid
 C
o
oled
 
 
 
R
e
ve
rse
 M
od
ulating
 
A
ctu
atio
n
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.P
u
sh
 B
utto
n
 
M
inim
u
m
 R
ele
a
se
 P
ressu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.105
 b
a
r
 
M
ake
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
la
rk
 
Applicatio
n
.
.
.
.
.
.
.
.
.
.Hyd
ra
ulic
 W
ith
 A
ccu
m
ulato
r
 R
ese
rve
 
 
 
Sp
ring
 Applied
 
-
 Hyd
ra
ulically
 R
ele
ased
 
L
o
catio
n
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.E
a
ch
 W
h
e
el
 E
nd
 
 
A
IR
 SYSTEM
 
Air
 C
o
m
p
resso
r
 
-
 G
ea
r
 D
rive
n
 O
ff
 E
ngin
e
 
G
o
ve
rned
 P
re
ssu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.860
 kP
a
 
R
elief
 P
ressu
re
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.1030
 kP
a
 
Air
 re
cie
ve
r
 C
ap
acity
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.90
 litre
s
 
 
ELEC
TR
IC
A
L
 SYSTEM
 
Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.App
ro
ved
 Fla
m
ep
ro
of
 
V
oltag
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.12
 V
olt
 
Alte
rn
ato
r
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.Hyd
ra
ulic
 D
rive
 
 
 Typ
e
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.C
usto
m
e
r
 P
refe
re
nce
 
 
 
App
ro
ved
 Fla
m
ep
ro
of
 
Lights
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.2
 Fro
nt
,
 2
 R
ea
r
 
 
 Typ
e
 
C
usto
m
e
r
 P
refe
re
nce
 
 
EIM
CO
 ED
10
 LH
D
 
 
 
C
A
TER
PILLA
R
 3126
 TA
 ENG
IN
E
 
 
D
A
TA
 SH
EET
:
 A
2U
220
-850086
 R
e
v
.:
 7
 
D
ate
:
 29
-04
-2004
 
 
 P
ag
e
 4
 of
 4
 
V
o
est
 Alpin
e
 M
ining
 &
 T
u
n
n
elling
 Pty
 Lim
ited
 
A
.C
.N
 
 070
 973
 330
 
PO
 BO
X
 595
 R
aym
o
nd
 T
e
rra
ce
 NSW
 2324
 
O
ld
 P
u
nt
 R
oad
,
 T
o
m
ago
 NSW
 2322
 
Ph
:
 +61
 2
 4985
 2625
 F
a
x:
 +61
 2
 4985
 2699
 
PO
 B
o
x
 1346
 E
m
e
rald
 Q
LD
 4720
 
13
 Ind
u
strial
 A
ve
,
 E
m
e
rald
 Q
ld
 4720
 
Ph
:
 +61
 7
 4982
 4664
 F
a
x:
 +61
 7
 4982
 4667
 
  
  
   
W
A
R
N
ING
 
 
O
ve
rlo
ading
 
of
 lifting
 
eq
uip
m
e
nt
 
m
ay
 
ca
use
 p
e
rso
n
al
 inju
ry
,
 d
e
ath
 
o
r
 p
rope
rty
 
d
a
m
age
.D
ue
 to
 co
nfig
u
ratio
n
 ch
a
ng
es
 o
r
 optio
ns
 req
u
ested
,
 w
eights
 stated
 ab
o
ve
 
ca
n
 va
ry
 by
 up
 to
 20%
.
 
 
SPEC
IFIC
A
TIO
NS
 SU
BJEC
T TO
 C
H
A
NG
E
 W
ITHO
U
T NO
TIC
E
 
 
C
opyright
 
The
 d
ra
wings
,
 info
rm
atio
n
 a
nd
 g
raphics
 co
ntain
ed
 in
 this
 d
o
cu
m
e
nt
 a
re
 a
nd
 shall
 alw
ays
 re
m
ain
 th
e
 p
rop
e
rty
 of
 VA
 Eim
co
 A
u
stralia
 Pty
 Lim
ited
,
 a
nd
 sh
all
 not
 b
e
 
m
ade
 p
ublic
 o
r
 u
sed
 dire
ctly
 o
r
 indire
ctly
 in
 a
ny
 w
ay
 d
etrim
e
ntal
 to
 o
u
r
 inte
re
sts
.
 N
o
 p
e
rso
n
 sh
all
 a
m
e
nd
 o
r
 alte
r
 the
 co
nte
nts
 o
r
 fo
rm
at
 of
 this
 do
cu
m
e
nt
 in
 a
ny
 
w
ay
 with
o
ut
 w
ritte
n
 p
e
rm
issio
n
 fro
m
 VA
 Eim
co
 A
u
stralia
 Pty
 Lim
ited
.
 H
o
w
e
ve
r
,
 wh
e
re
 p
e
rm
issio
n
 is
 g
ra
nted
,
 VA
 Eim
co
 A
u
stralia
 Pty
 Lim
ited
 will
 n
ot
 take
 
re
sp
o
n
sibility
 fo
r
 the
 a
ccu
ra
cy
 of
 a
ny
 te
xt
,
 g
raphics
 o
r
 pa
rts
 th
e
re
of
 e
xtra
cted
 o
r
 cut
 fro
m
 this
 d
o
cu
m
e
nt
 a
nd
 in
se
rted
 into
 a
ny
 oth
e
r
 fo
rm
 o
r
 so
u
rce
.
 
Disclaim
e
r
 
VA
 Eim
co
 A
u
stralia
 Pty
 Lim
ited
 e
xp
re
ssly
 disclaim
 all
 a
nd
 a
ny
 liability
 to
 a
ny
 p
e
rso
n
,
 wh
ethe
r
 a
 p
u
rch
a
se
r
 of
 this
 do
cu
m
e
nt
 o
r
 not
,
 in
 re
spe
ct
 of
 a
nything
 a
nd
 o
r
 
th
e
 co
n
seq
ue
n
ce
s
 of
 a
nything
 d
o
n
e
 o
r
 o
m
itted
 to
 b
e
 d
o
n
e
 by
 a
ny
 su
ch
 p
e
rso
n
 in
 relia
n
ce
,
 wh
eth
e
r
 wh
ole
 o
r
 p
a
rtial
 upo
n
 th
e
 wh
ole
 o
r
 a
ny
 p
a
rt
 of
 th
e
 co
nte
nts
 of
 
this
 d
o
cu
m
e
nt
.
 
 
PR
ELIM
IN
A
R
Y
 D
R
IVELIN
E
 A
N
A
LYSIS
0 10 20 30 40 50 60 70 80
0
5
10
15
20
25
30
SPEED
 (k
m
h)
GRADE % LADEN 
G
EAR
 1
G
EAR
 2
G
EAR
 3
G
EAR
 4
Appendix E
Tabulated results of FEA
analyses
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E.1 Model 1.1.2 results
Table E.1: Comparison of the FEA results for model 1.1.2. (20kg-200kg). Solver time is of
the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
20kg tensile load
Solver type Automatic Automatic Automatic
Max. deflection - 0.5949mm -
Solver time - 00:00:02 -
40kg tensile load
Max. deflection - 1.190mm -
Solver time - 00:00:02 -
60kg tensile load
Max. deflection - 1.785mm -
Solver time - 00:00:02 -
80kg tensile load
Max. deflection - 2.380mm -
Solver time - 00:00:02 -
100kg tensile load
Max. deflection 2.974mm 2.975mm 2.970mm
Solver time 00:00:14 00:00:02 00:00:03
120kg tensile load
Max. deflection - 3.570mm -
Solver time - 00:00:02 -
140kg tensile load
Max. deflection - 4.164mm -
Solver time - 00:00:02 -
160kg tensile load
Max. deflection - 4.759mm -
Solver time - 00:00:02 -
180kg tensile load
Max. deflection - 5.354mm -
Solver time - 00:00:02 -
200kg tensile load
Max. deflection 5.947mm 5.949mm 5.942mm
Solver time 00:00:14 00:00:02 00:00:03
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Table E.2: Comparison of the FEA results for model 1.1.2. (220kg-400kg). Solver time is
of the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
220kg tensile load
Max. deflection - 6.544mm -
Solver time - 00:00:02 -
240kg tensile load
Max. deflection - 7.139mm -
Solver time - 00:00:03 -
260kg tensile load
Max. deflection - 7.734mm -
Solver time - 00:00:02 -
280kg tensile load
Max. deflection - 8.329mm -
Solver time - 00:00:02 -
300kg tensile load
Max. deflection 8.922mm 8.924mm 8.915mm
Solver time 00:00:12 00:00:03 00:00:02
320kg tensile load
Max. deflection - 9.519mm -
Solver time - 00:00:03 -
340kg tensile load
Max. deflection - 10.11mm -
Solver time - 00:00:02 -
360kg tensile load
Max. deflection - 10.71mm -
Solver time - 00:00:03 -
380kg tensile load
Max. deflection - 11.30mm -
Solver time - 00:00:02 -
400kg tensile load
Max. deflection 11.88mm 11.90mm 11.87mm
Solver time 00:00:12 00:00:02 00:00:03
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E.2 Model 1.1.3 results
Table E.3: Comparison of the FEA results for model 1.1.3. (20kg-200kg). Solver time is of
the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
20kg tensile load
Solver type Automatic Automatic Automatic
Max. deflection - 0.5499mm -
Solver time - 00:00:26 -
40kg tensile load
Max. deflection - 1.022mm -
Solver time - 00:00:38 -
60kg tensile load
Max. deflection - 1.429mm -
Solver time - 00:00:39 -
80kg tensile load
Max. deflection - 1.785mm -
Solver time - 00:00:50 -
100kg tensile load
Max. deflection 2.093mm 2.096mm 2.092mm
Solver time 00:13:31 00:00:52 00:01:00
120kg tensile load
Max. deflection - 2.371mm -
Solver time - 00:01:03 -
140kg tensile load
Max. deflection - 2.614mm -
Solver time - 00:01:05 -
160kg tensile load
Max. deflection - 2.832mm -
Solver time - 00:01:06 -
180kg tensile load
Max. deflection - 3.027mm -
Solver time - 00:01:16 -
200kg tensile load
Max. deflection 3.198 3.203mm 3.194mm
Solver time 00:17:46 00:01:19 00:01:20
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Table E.4: Comparison of the FEA results for model 1.1.3. (220kg-400kg). Solver time is
of the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
220kg tensile load
Max. deflection - 3.361mm -
Solver time - 00:01:23 -
240kg tensile load
Max. deflection - 3.506mm -
Solver time - 00:01:32 -
260kg tensile load
Max. deflection - 3.638mm -
Solver time - 00:01:36 -
280kg tensile load
Max. deflection - 3.759mm -
Solver time - 00:01:31 -
300kg tensile load
Max. deflection 3.861mm 3.870mm 3.858mm
Solver time 00:22:08 00:01:35 00:01:41
320kg tensile load
Max. deflection - 3.972mm -
Solver time - 00:01:44 -
340kg tensile load
Max. deflection - 4.067mm -
Solver time - 00:01:43 -
360kg tensile load
Max. deflection - 4.155mm -
Solver time - 00:01:47 -
380kg tensile load
Max. deflection - 4.237mm -
Solver time - 00:01:45 -
400kg tensile load
Max. deflection 4.308mm 4.314mm 4.299mm
Solver time 00:26:37 00:01:44 00:01:57
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E.3 Model 1.1.4 results
Table E.5: Comparison of the FEA results for model 1.1.4. (20kg-200kg). Solver time is of
the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
20kg tensile load
Solver type Automatic Automatic Automatic
Max. deflection - 0.4463mm -
Solver time - 00:00:42 -
40kg tensile load
Max. deflection - 0.8290mm -
Solver time - 00:01:01 -
60kg tensile load
Max. deflection - 1.159mm -
Solver time - 00:01:08 -
80kg tensile load
Max. deflection - 1.447mm -
Solver time - 00:01:08 -
100kg tensile load
Max. deflection 1.699mm 1.698mm 1.698mm
Solver time 00:32:15 00:01:17 00:01:47
120kg tensile load
Max. deflection - 1.920mm -
Solver time - 00:01:31 -
140kg tensile load
Max. deflection - 2.115mm -
Solver time - 00:01:43 -
160kg tensile load
Max. deflection - 2.290mm -
Solver time - 00:01:51 -
180kg tensile load
Max. deflection - 2.445mm -
Solver time - 00:01:54 -
200kg tensile load
Max. deflection 2.584mm 2.584mm 2.585mm
Solver time 00:48:24 00:01:42 00:02:31
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Table E.6: Comparison of the FEA results for model 1.1.4. (220kg-400kg). Solver time is
of the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
220kg tensile load
Max. deflection - 2.711mm -
Solver time - 00:02:09 -
240kg tensile load
Max. deflection - 2.825mm -
Solver time - 00:02:17 -
260kg tensile load
Max. deflection - 2.928mm -
Solver time - 00:02:17 -
280kg tensile load
Max. deflection - 3.022mm -
Solver time - 00:02:17 -
300kg tensile load
Max. deflection - 3.108mm 3.108mm
Solver time - 00:02:09 00:02:55
320kg tensile load
Max. deflection - 3.187mm -
Solver time - 00:02:36 -
340kg tensile load
Max. deflection - 3.260mm -
Solver time - 00:02:41 -
360kg tensile load
Max. deflection - 3.326mm -
Solver time - 00:02:43 -
380kg tensile load
Max. deflection - 3.388mm -
Solver time - 00:02:38 -
400kg tensile load
Max. deflection - 3.445mm 3.445mm
Solver time - 00:02:31 00:03:23S
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Table E.7: Comparison of the FEA results for model 1.2.2. (10kg-100kg). Solver time is of
the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
10kg compressive load
Solver type Automatic Automatic Automatic
Max. deflection - -0.2974mm -
Solver time - 00:00:02 -
20kg compressive load
Max. deflection - -0.595mm -
Solver time - 00:00:02 -
30kg compressive load
Max. deflection - -0.8916mm -
Solver time - 00:00:02 -
40kg compressive load
Max. deflection - -1.189mm -
Solver time - 00:00:02 -
50kg compressive load
Max. deflection -1.472mm -1.486mm -1.475mm
Solver time 00:00:13 00:00:02 00:00:02
60kg compressive load
Max. deflection - -1.783mm -
Solver time - 00:00:02 -
70kg compressive load
Max. deflection - -2.080mm -
Solver time - 00:00:02 -
80kg compressive load
Max. deflection - -2.377mm -
Solver time - 00:00:02 -
90kg compressive load
Max. deflection - -2.674mm -
Solver time - 00:00:02 -
100kg compressive load
Max. deflection -2.960mm -2.971mm -2.956mm
Solver time 00:00:13 00:00:03 00:00:04
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Table E.8: Comparison of the FEA results for model 1.2.2. (110kg-200kg). Solver time is
of the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
110kg compressive load
Max. deflection - -3.268mm -
Solver time - 00:00:02 -
120kg compressive load
Max. deflection - -3.566mm -
Solver time - 00:00:02 -
130kg compressive load
Max. deflection - -3.863mm -
Solver time - 00:00:02 -
140kg compressive load
Max. deflection - -4.160mm -
Solver time - 00:00:02 -
150kg compressive load
Max. deflection -4.405mm -4.457mm -4.362mm
Solver time 00:00:13 00:00:02 00:00:04
160kg compressive load
Max. deflection - -4.754mm -
Solver time - 00:00:02 -
170kg compressive load
Max. deflection - -5.051mm -
Solver time - 00:00:02 -
180kg compressive load
Max. deflection - -5.348mm -
Solver time - 00:00:02 -
190kg compressive load
Max. deflection - -5.645mm -
Solver time - 00:00:02 -
200kg compressive load
Max. deflection -5.890mm -5.942mm -5.873mm
Solver time 00:00:12 00:00:02 00:00:04
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Table E.9: Comparison of the FEA results for model 1.2.3. (10kg-100kg). Solver time is of
the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
10kg compressive load
Solver type Automatic Automatic Automatic
Max. deflection - -0.3099mm -
Solver time - 00:00:14 -
20kg compressive load
Max. deflection - -0.6465mm -
Solver time - 00:00:33 -
30kg compressive load
Max. deflection - -1.013mm -
Solver time - 00:00:43 -
40kg compressive load
Max. deflection - -1.413mm -
Solver time - 00:00:41 -
50kg compressive load
Max. deflection 1.849mm -1.851mm -1.843mm
Solver time 00:14:08 00:00:41 00:00:00
60kg compressive load
Max. deflection - -2.331mm -
Solver time - 00:00:54 -
70kg compressive load
Max. deflection - -2.860mm -
Solver time - 00:01:00 -
80kg compressive load
Max. deflection - -3.443mm -
Solver time - 00:01:12 -
90kg compressive load
Max. deflection - -4.088mm -
Solver time - 00:01:18 -
100kg compressive load
Max. deflection -4.800mm -4.804mm -4.777mm
Solver time 00:18:26 00:01:18 00:01:24
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Table E.10: Comparison of the FEA results for model 1.2.3. (110kg-200kg). Solver time is
of the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
110kg compressive load
Max. deflection - -5.600mm -
Solver time - 00:01:40 -
120kg compressive load
Max. deflection - -6.489mm -
Solver time - 00:02:03 -
130kg compressive load
Max. deflection - -7.485mm -
Solver time - 00:02:09 -
140kg compressive load
Max. deflection - -8.602mm -
Solver time - 00:02:16 -
150kg compressive load
Max. deflection -9.857mm -9.860mm -9.851mm
Solver time 00:24:23 00:02:43 00:02:58
160kg compressive load
Max. deflection - -11.28mm -
Solver time - 00:02:55 -
170kg compressive load
Max. deflection - -12.89mm -
Solver time - 00:03:15 -
180kg compressive load
Max. deflection - -14.71mm -
Solver time - 00:03:29 -
190kg compressive load
Max. deflection - -16.79mm -
Solver time - 00:03:42 -
200kg compressive load
Max. deflection -19.15mm -19.15mm -19.14mm
Solver time 00:28:49 00:03:41 00:04:12
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Table E.11: Comparison of the FEA results for model 1.2.4. (10kg-100kg). Solver time is
of the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
10kg compressive load
Solver type Automatic Automatic Automatic
Max. deflection - -0.2515mm -
Solver time - 00:00:22 -
20kg compressive load
Max. deflection - -0.5249mm -
Solver time - 00:00:46 -
30kg compressive load
Max. deflection - -0.8226mm -
Solver time - 00:00:46 -
40kg compressive load
Max. deflection - -1.148mm -
Solver time - 00:01:05 -
50kg compressive load
Max. deflection -1.503mm -1.503mm -1.503mm
Solver time 00:32:09 00:01:14 00:01:07
60kg compressive load
Max. deflection - -1.894mm -
Solver time - 00:01:09 -
70kg compressive load
Max. deflection - -2.323mm -
Solver time - 00:01:21 -
80kg compressive load
Max. deflection - -2.797mm -
Solver time - 00:01:31 -
90kg compressive load
Max. deflection - -3.322mm -
Solver time - 00:01:43 -
100kg compressive load
Max. deflection -3.904mm -3.904mm -3.903mm
Solver time 00:48:48 00:02:08 00:02:37
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Table E.12: Comparison of the FEA results for model 1.2.4. (110kg-200kg). Solver time is
of the format hh/mm/ss.
Iteration 1 Iteration 2 Iteration 3
110kg compressive load
Max. deflection - -4.552mm -
Solver time - 00:02:10 -
120kg compressive load
Max. deflection - -5.276mm -
Solver time - 00:02:28 -
130kg compressive load
Max. deflection - -6.088mm -
Solver time - 00:02:39 -
140kg compressive load
Max. deflection - -7.001mm -
Solver time - 00:03:00 -
150kg compressive load
Max. deflection - -8.027mm -8.025mm
Solver time - 00:03:14 00:03:21
160kg compressive load
Max. deflection - -9.195mm -
Solver time - 00:03:37 -
170kg compressive load
Max. deflection - -10.52mm -
Solver time - 00:04:01 -
180kg compressive load
Max. deflection - -12.02mm -
Solver time - 00:04:22 -
190kg compressive load
Max. deflection - -13.78mm -
Solver time - 00:04:55 -
200kg compressive load
Max. deflection - -15.76mm -15.73mm
Solver time - 00:05:29 00:07:27
